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SUMMARY 


Over the flpoctfted renge of thrust level i^4A4.8 N or 100 Ibf to 133^5 N or 
3000 Ibf) and chamber pressure (13.8 N/cm' or 20 psia to 689.5 N/cm or 1000 pslo) 
the throat chamber cooling limits wore established for regnerntlve/radlatlon a»fd 
film / radiation cooling using specified analysis guidelines. For regenerative/ 
radlotlon-coolcd thrust chambers, the maximum chamber pressure at a given 
thrust was limited primarily by the maximum coolant Mach number and the 
material wall temperature limit. The minimum chamber pressure was limited by 
two-phase heat transfer. The b 02 /H 2 regenoratlve/radlatlon-cooled thrust 
chamber provided ',;hc largest chamber pressure versus thrust operational 
envelope. Using the specified analysis guidelines, r, 02 /RP~l regenerative/ 
radiation cooling was found unfeasible; however, with a gas-side carbon layer 
(physical thermal barrier), a ftMSlble operational regime was achieved. An 
extended thrust chamber cooling capability analysis was also performed using 
physical thermal barriers and more optimistic analysis guidelines. 

The LO 2 /H 2 and LO 2 /RP-I film/ radiation-cooled thrust chambers were limited to 
low chamber pressures, and LO 2 /CH 4 film/ radiation-cooled thrust chambers were 
not feasible. These thrust chambers were limited by the maximum material 
temperature limit and the film-cooled performance loss limit of 10%, 

The results of thrust chamber heat transfer analysis were used to perform the 
initial engine cycle/configuration matrix screening. For the resulting engine 
cycle/configuration matrix, the engine cycle limits were determined by per- 
forming Individual cycle balances. The fuel-cell-powered cycle engine achieved 
the maximum study chamber pressure over the entire thrust range. The other 
pump-fed engines achieved cycle limits below the thrust chamber cooling limits 
for most of the thrust range. Therefore, for the most part, the engine cycle 
limited the maximum achievable chamber pressure at a given thrust level. In 
addition, parametric thrust chamber performance and engine weight were generated 
for a 400-to-l area ratio nozzle. 

To select the two engine cycle/configurations for the preliminary engine 
design, the candidate engine cycle/configurations were rated according to the 
maximum achievable chamber pressure, delivered specific impulse, engine 
weight, and configuration complexity. For the LO 2 /H 2 engines, the direct 
expander cycle engine achieved the highest overall rating. For the L 02 /Hydro- 
carbon engines, the LO 2 /CH 4 direct expander cycle engine obtained the highest 
overall rating. Therefore, these two engine configurations were recommended 
and approved for preliminary engine design. NASA-LeRC selected a design thrust 
of 2224.1 N (500 Ibf) for the preliminary designs. 

The design chamber pressures for these two engines were established through an 
iteration of engine cycle balances and detailed pump, turbine, and thrust 
chamber heat transfer analyses. A summary of the pertinent preliminary design 
point engine data Is presented for the LO 2 /H 2 and LO 2 /CH 4 engines in Table 1 . 

The LO 2 /H 2 engine resulted In a higher design chamber pressure and, therefore, 
had slightly smaller dimensions. However, the LO 2 /CH 4 engine achieved a 
lighter engine due to smaller pumps. The LO 2 /H 2 engine attained a significantly 
higher specific Impulse (approximately 29% higher) due to the llghter-raolecular- 
welght propellant and the higher design chamber pressure. Engine cycle balances 
were performed at the design point (nominal mixture rutir) and at ±l 0 %/mixture 
off -design conditions. 
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TABLE I . PRELIMINARY ENGINE DESIGN SUMMARY 


PROPELLANT COMBINATION 

LOj/Hj 

THRUST, N (Ibf) 

500 

CYCLE 

DIRECT EXPANDER 

COOLING 

REGENERATIVE/RADIATION 

CHAMBER PRESSURE, 
N/cm2 (PS I A) 

328.9 (477) 

MIXTURE RATIO 

6 

AREA RATIO 


- NOZZLE EXTENSION 

400 

- FIXED NOZZLE 

200 

SPECIFIC IMPULSE, N-sec/ 
kg (LBF-SEC/LBM) 

4564.5 (465.45) 

WEIGHT, kg (lbM) 

28.46 (62.75) 

RETRACTED ENGINE LENGTH, 
cm (INCHES) 

56.2 (22.13) 

TOTAL ENGINE. (EXTENDED).. 
LENGTH, cm (INCHES) 

91.9 (36.19) 

MAXIMUM ENGINE DIAMETER, 
cm (INCHES) 

42.29 (16.65) 




LOg/CH^ 

SOO 

DIRECT EXPANDER 
REGENERATIVE/RADIATION 
307.5 (446) 

3.7 

400 

200 

3543 (361.29) 

25.8 (56.87) 

56.6 (22.28) 

94.1 (37.06) 

43.7 (17.22) 



Engtno design drawings were pn<parod lor both engines, and pump and In lee tor 
component drawings wore prepared to illustrate preliminary component designs. 


Updated parametric engine performance, engine dimensions, and engine weights 
were generated for the study thrust, chamber pressure, and nog.sle area ratio 
range. The b02/H2 engines offer a i0% delivered specific impulse increase 
with a slight engine weight penalty as compared to the l.Uy/CH/, engines. For 


the same thrust, chamber pressure, and 
etor were essentially the same for the 
parametric engine performance data for 


performance gain with high area ratio flog.Rles. 


area ratio, the engine length and dlam- 
two propellant comb inot ions. The 
LO 2 /H 2 engines indicated a significant 


Engine technology advancement required and those which could load to further 
engine perlormauce, weight, and size Improvement are preaonted and discussed. 


INTRODUCTION 


*„ analytical atudy »a. ZnZ, 

cyclon, and P'"**”*""'* „„„ .■ondiirtcd tnr iiavfj'n/lwnmni'n 

f„r aOn/BP-n .•nnlnca »ltP thrnat 

lUtmriftcntton of roquirod tochnoloRV Items and advamon. 

Pr«,u>Uant physical and 

formaucc. data, and transport ^ thrust chamber cooling 

fi^ 

paronctrlc Wat trannfcr data »«' cLlfa. "riudins both 

nw rrr;£iS rtE-Jnfi 

SS^U^Vd one io,/C»« o^ 

recommended to NASA-LeRC ror p y MAcA-Tt»Rr and preliminary 

cnslno cycle/cnnllgntatjnnn ^to appr^ 

was periormed. 
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DISCUSSION 


PROPELLANT PROPERTIES AND PERFORMANCE 


Tho thoorotlcol propnllant ptirformnnco data (chnrncterlHtlc velocity and 
specific Impulse) and the propellant transport property data for I.O2/H2. 
LO2/CH4, and LO2/RP-I) generated for this program are prosontod In " ^ 

Appondlxos A and B. The format of the plotted theoretical data is Illustrated 
In Pig. 1 . 


The characteristic velocity is plotted versus mixture ratio Cor parametric 
chamber pressure and two fuel Injection temperatures. The theoretical vacuum 
specific Impulse Is plotted versus mixture ratio for parametric area ratio 
and five chamber pressures and two fuel Injection temperatures. 


The variation cf the following combustion chamber gas transport properties 
with chamber pressure add mixture ratio were plotted for each propellant! 


1 . 

2 . 

3. 

4 . 

5. 

6 . 
7. 


Combustion temperature 

Molecular weight 

Specific heat (Cp ) 

frozen 

Specific heat ratio (y) 
Density 

Thermal conductivity (k, 

frozen 

Viscosity 


) 
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TIIRUST CHAMBRR C00LJN(5 ANALYST S 


Tht^ thrwnt chnmbt'r cooTIhr UibUh (muxlmiijn .iiul minimum ('hnmbor prunmirPH) worn 
pnfrtbUnlind for >A,/»2» bO,,/nil , mid I.O.,/Ri>-) imliiR fuol roRonor.it tvo/ 
r.'idintloii— cool InR dnd f I Im/rjuli.it lon-codltnR« n»*t{il.lod coolmit p;uin.iRo 
Roomotry nnd wall tomporauiro data wore calrulattHl lor i\ luimlicr of ihriiHt clvim- 
bor dnalRna. In addition. I ho thrnal chamber boat Input and coolant, proniuiro 
drop parnmotrlc. data wore di'lormliu'd lor the tliroo propel lant comhliiat Iona for 
UHO In tlio oiiRlno eye, l«*A'0!it iRiirat Ion ovalnatjon. 

dul dol In CH 

Tlio major analyHla RuldollnoH u«od In the thnint chamber cooUhr evaluation 
.arc proHontod In Table 1! , The combuHtlon chamberH were to be Hlzed (chamber 
lenath and contraction nitlo) to achieve a combuHtlon efficiency of 98% or 
Rreater. The nor.zle contour evaluated wan an aerodynamic, optimum 90% length, 
400-to-l area ratio noaale. 

In the heat transfer analyHla, the existence of a gaa-alde carbon layer for the 
hydrocarbon-fueled propellants (I.O 2 /CHA and LO 2 /RP-I) was to be neglected and 
for RP-1, a coking temperature limit of 561 K (550 F) was to be assumed. 

A gas-aide carbon layer can greatly reduce the local heat flux and coolant 
heat Input through the insulating cliaracteristlc of the carbon layer. However, 
the existence of carbon layer subsequent to an engine shutdown and Its tran- 
sient buildup to sufficient protective thicknesses during an engine start has 
been questioned and, therefore, the carbon layer influence was neglected as 
specified by the analysis guidelines. The coking of the hydrocarbon fuel is 
the thermal docompoaltlon of the fuel on the coolant side of the regeneratlve- 
cooled thrust chamber coolant passage. The resulting thermal Insulating 
deposits on the coolant side wall are detrimental and eventually result In 
wall failure. Increasing this coking limit through fuel refinement and/or 
surface catalytic influence would improve tlie cooling of RP-l coole.J thrust 
chambers. 


In addition to the analysis guidelines presented In Table 2 , assumptions were 
made that included; 


1 . 


3. 


Maximum coolant curvature enhancement factor =1,4 
Internal tube or channel roughness = 60 mlcroinchcs 

Ripple factor ( M ggA A»P . » . t Surface Arca ^ 

Project Area ' 


a. Tube tipple lac tor « I *11 
b* Channel ripple factor » 1*00 
Coolant proHHttre drop included: 
a. IVo velocity head return manifold Iohh 
b* One velocity head exit losa 
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TABLE 2, THRUST CHAMBER STUDY GUIDELINES 




ProfHilUrti 

• «f a fflUmra ratio of 

• Oj/CH| at a nUtura ratio ef 1,7 

• •? i mUiMf# ratfo of |,Q 


# ( ion III 1000 (Hiumiit ^ ” 

§ Chamlmr Pra>MHf.: ?0 to 1000 p»ia 

• tlOOit araa tat to noiila with OOt lanniM 

P*rformrnc« 

• 96t i«nbu»Him rffUicncv 

• f 1 tm/radl At ton uiolaO ronf Itiurat loo 

P^. 1 to, ) • O.OO P i (n. ) r 0,97 

“ MIH niH 

ContftukUtr 

(tOORWIfy 

ftaoanaratlva'Cnotad Canf louraOoni 
a Naotubular canutruitloo (l.a,, i:haonat») 
a CfioUfU channel dlmeti«lon limit* 

a Minimum channel width « o‘,0!) loch 
a Minimum web thkiine** • O.oj Inch 
a Mtnifflum wall ihkKena* • O.Oas inch 
a Man) mum* channel dcnth-io-wldth ratio • l>t) 

Hoxite Gtomtrv 

a 400il area ratio notilo with $0) lenoth 
a Radlatlon-cnoled section (criterion to be determined) 
a Hayanerat i ve/rad i at ion cooled confl biuret ion 

a Tubular construction 
a Minimum wall thickness «* O.OlO Inch 

Thrust ChamNsr 
Malarial 

a Reoenaratlve/radlallon coofinq 

a Combuitor: copper^bate alloy or nickel I 
e Noaite: stelnlees steel 1 With MASA<^LeMC 

e Mad I at Ion section; TBO | concurrence 

a PI Im/radiatton cooling 
e TbD 

Thrutt Chambar 
Wat) Tcmparaiura 
Umt t« 

a Me9eneraiitfe/tadlatlon cooling 

• 1460 a for copper-bsse alloy (with MASA-leMC concurrence) 
a Coking temperaturallmiti (tea coolant heal transfer) 
a Madtatton tectioni T80 

• f Mm/radlatlon Loollng 
a T0O 

Hot*Ga» Haat 
Tran«far 

a Contractor ln*houte methods and corre let Ions to be used 
a Benefit of carbon deposition and hot -gas wail will be neglected 

Coolant Htit 
Traoifar 

a Coolant inlet temperature 
Mg! IM a 1 
ap-i:!r)?a , 

CH^J 201 a j 

a Coolent discharge pressure 

1 oat * bC } Mlnimrmi regeheratUe dUsharge or film 
Gas; 1.087 e < coolant Inlot 

a Hanlmum ti^lont velocity (regenerative) 

Liquid; 200 t|/sec 
Gas; Mach No, • 0 1 

a Coking tisri ts 

• 1010 R 

* ''w * 

a CiHiUht state at Jatkat di scheme will be sin.)l« i.hace 

• CiHilani t liv through iacket must be suble UtabUltv criteiia m be 
apprtived by NASA^lekC) 

C>vla life 

a 1 *ve tetiial ovies tb;ies a safety 'attoi of tou* 
a Aiiurulei ive mhi line , 1 S spec* tied m tig. 1 ;tl e 
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Subfloqupnt to tho analyRlH uning thoHO ntudv j^uiiU'UnoH, an oxtondod thrnnt 
chnmbor cooling analyain wan portormod unlng more optlmlatJc critorla and 
(:hornml barrti^rR which Included a carbon layer fi>r UV,/RP-1, 

AUhouRh many typon of thrust ohambi'r roollnp (ipprortt’hinn could bo appl ied for 
rhoflo. low-thruat ongJnoo, tho rooro convonticmal and promlnlnR roRi'nnrat J.vp/ 
radiation and f i Im/radlatlon cooIIiir motboda wore Hpcctflod, Tbono mothoda 
aro Ulufltratod acbomat Ically In FIr, ?, . The roRonorativo/radiat ton ooolinR 
conalHtH of two noparatoly cooled aectionH which Include a roRenerntivo-cooled 
aoctiun uainp, fuel forced convection cooling and a radiation-coo led nor, ale 
Hoctlon. In the f Jlm/rndlatlon cooled thruat ebambor, the comhuatUm chamber 
irt film cooled and the noaale In cooled uainp a combination of film and radia- 
tion coollngt The film c.o*>ling in tbla ntudy wan aastuned to be injected at 
tho injector, Tn general, regenuratlve. cooling 1 h uHod in the high bent flux 
appllcationa, and film and radiation cooling are uaod In low bent flux appil- 
cat lonn and low boat flux regions of a thrust chamber . 

A maximum coolant gaseous Fkich No. of 0,3 and a rouxlraum liquid velocity of 
200 ft /sec. were specified. For the regeneratlve-cooled portion, the combined 
channel wall combustor (NARloy-Z for hydrogen and ftP-1 and nickel for methane) 
and tubular nozzle (stainless steel) configuration was selected to achieve 
maximiun cooling with a lightweight thrust chamber. For the film- and radiation- 
cooled portions, conventional materials (L-605 alloy and molybdomira) were 
evaluated, although more advanced materials such as carbon-carbon composites 
may potentially be Incorporated. 

Thrust Chamber Geometry 

Comb U8 1 Lon Chambe r . The combustion chamber Injector-to-throat length and con- 
traction ratio were sized to deliver greater than the required 98% combustion 
efficiency. The LO2/RP-I and L0.,/H, data were obtained using an analytical- 
empirical computer program ba8ed“on*’a curve-fit of existing engine test data. 
This type of data does not exist for L02/CH^; therefore, an interpolating siz- 
ing criteria was used. 

The IX)2/RP~1 sizing criteria have been developed around the vapor Izat ion charac- 
teristics of the fuel, RP-1 is a liquid hydrocarbon with relatively low vapor 
pressure, at standard conditions of temperature and pressure. The fuel vis- 
cosity and surface tension tend to restrict atomization and vaporization when 
compared to the more volatile oxidizer. As a result, combustion performance 
1s usually limited by vaporization of the fuel, and the combustion chamber 
size is optimized to provide a combination of tesldence time and relatively 
high gas velocity for "stripping” drops, enhancing "secondary breakup", and 
droplet heating. These required features lead to long combustion chamber 
length and low contraction ratios. 

For the fuel Is typically injected as a gas and, therefore, fui‘1 vapor- 

ization is not a problem. Liquid oxygen vaporization can be Hmlllng; however, 
the low viscosity, low surface tensions, and high vapor pressure of liquid 
oxygen results in relative ease of alnmlzallon and rapid vaporization. 
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uonbuBtlcm pBcIornuinuB «I ''“j'"! . ,,i t„innvo imno. TIipbb nhornc- 

rjn r..r W,nn. with « 

rUlo .b,.B ,:..r ,2.,/lw<.r„.-„.bBn 

Thli dwEocti>n»tlc» Pt Ifl2/aw "Jrt",Supi*'ch«bPt*VpiW 

ttat fpr Ifla/RP-l «"<• I'pr tbo apfr- 

»rp™rd‘ u:^?S?’c»nbr,.c-, U. ratio, an aJarnpo arna wan clronan. 

- ■ ronuUmK <a.mbuallP« Arabpr i™«tb« 

^topi*l lunt» aro immontul la * „-„,,n,,ro rcmiU in tho nlu)« l.ei’ I’hamhor 

tlu* lowor tliruma mul Qy^,,. ti,n M (UH\pminan) in „ 

lenp,thn and alno Uuia variation In ^ , 2 (20 paia) t» N/*''”*' 

nWi N CIOOO poimdo) t1u-urt«; ranpo varLud from H.rU. am 

(1000 pHla) chamber ^ a fixed Ihruat and lew ehamber 

0.23 inchea) to 35.65 cm /\;Vl d.er than for 1,02/RP-l. An 

In addition to lonstb ond ““'“‘‘'’j ?onvore.nua '-amp anplo. 

r.a|ulrod arc the upnttcom 'I™ .,t the pcok heat flex 

IllXrSa^.rhi^dc^cl^ «"u value el ;;«> . 

‘,r^er»f in'^d -xl.» "»R‘V ot 20 de«ree» wan .elected to provide 

a smooth flow transition. 

A comparison of the combustion psla) 

4448.2 N (1000 Ibf) thrust and a chamber pressure 

is ptcscutcd in Fig» 5 » 

NO.S10 contour . The definition of the 

specific area ratio and V combustion gas properties. Previous 

Stream throat Snare Engines studies (Ref* 1) uUliaed an 

Z-rrXZ «rr r; a .'-Lre™ radl,,. r,,rle ..1 0 W2 and ^achieved 

and wall heat transfer distributions were verified. 

For the low-thrust Siric'ei Jic tency 

originally tHou»ht to slgnll leant ly^^^.^ j However , a 

by decreasing the Initial rate . -I 44^8.2 N (1000 Ibf) thrust h0.,/H2 

One-»lmennlenol Klnetle (ODK) .lanlys » . renuUed In enlv OIO^S 

■i:?rT.n:'i: kiruc !.r;“:u.ne'; ter ^ Inerenne In the do^.treaw rndlnn ralle 


n 








Ccnnbustion Chamber Ccntracticm Ratio 







AXIfll. OrSTASCE FROM THROAT. IKCiSS 
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c.™ 0.392 to 2.0. Tho-loro. t,« S’"! Woftor^tM if.Tu 

:i:-x “i!" (-nat»n«to„„u 

la ahovm In Fig, 6 , 

Gna~81dt> Heat Tranafor Cotyf j Ig i fflt Platrlbu t i on 

. c - ^rw.f distribution for tho thrunt chnmbora waa 

IStoKf te«t j;J;"LroreompuS^^ 

This program utilizes an a Bomlomplrlcal 

equations. Solution of these oq^tions Is accompiisnoo s between the 

sirSo?r::oeSoSf 

turbulent flow is of the form: 


M 


ST_ 


0.0122 

^^7^ \pj wi 


1/4 


N 


2/3 


( 1 ) 


Tr 


fha convactlve film ooofflclont (hg) la then found from th. relation! 


hg ® Poo^oo^p^ST 


( 2 ) 


The Echert re£.t«.oa temperature Is used to evaluate the film properties, 
inleetor region test data obtained ,r» = iTlo^lm^r.^ 

i f ra^" " 

analytical property correction to the LO 2 /H 2 
For example for L02/CH^g 


f") 


0.6 


2/CH^ 


''l 02/GH^Y ’^t02/H2 


C«) ^2/^«4 “ C') L0,/H3 IV.0,/C^, 


(3) 


0.8 


y^*L02/GHj 
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Radiation CooltPg Anal yfJji 

Radlntl»» cooune utlU=,o» o “rroS- 

thruBt chimbor vaXl te»porntura». tlw woU Mt, tlol raaioton n 
Inga through tho ogtornol our noo Jro^ ho ntorool wp.r.1 ^ ^ 

tlonal htgh-tomperature inatorlnlB, L 605 alloy ^ P K or 2500 P 

maximum tormperaturo) and molybden^ o ,nolybdonura wdrc hot-fired suc- 

maxlmum tompcrature) *,^ 02 /H^ chlber (Ref. 2 ). Molybdenum and 

ZuLuZ iSu?d“ave tTiiciJpoJ^te. an iLluon protection coating. 

using the Rocketdyne integral boundary 

variation 007^^ R^-t SustlhlSe^ werS determined, 

thrtiat for the LO2/H2. bOg/CH^i ^ ^ 2' . local nozzle area ratio is shown 

The gas-side wall leJel of 4A48 N (1000 Ibf). The Influence 

Shown in Pig. S for UO^/H^ at a 

chamber pressure of 344.7 N/cm2 (50O psia). 

. rr, .u«»r.,.nf«r£.d at thc higher chamber pressures, the 
Duo to the higher heat chLber^pressure at a fixed area 

wall temperatures increase limit, this trend results In an 

ratio. For a fixed maximum wall P ratio with chamber pressure. 

MsotTigiL'llLtliScra^rLperlenced at lower thrust levels, and result 

in higher wall temperatures. 

„.,ug u .„h.u. 5srrerr,rcu, 

-rg,g‘r\s:Sgrn“ '? r « 

‘‘:i5Llin\L“hWh« l^at nu«u. o£ th. .h«e gpopillants and. theruforn. 
the highest radiation nozzle attach area ratio. 

The application of *^heae low-thrust engin^^^ ^u/mLriikelfieai^ that these 
geosynchronous equatorial %pace^Shuttle. As a result, engine length 

spacecraft will be launched nozzle would reduce the engine length 

will be Important. Since a retractab retractable nozzle must be seriously 

approximately 50%. the Incorporation of complexity, 

considered even though it ^ 4^0-to-l area ratio engines Indicated 

approximately 

200-to-l. 

For a regeneratlve/radiation-cooled ^ simplifies 

of the nozzle would bo Really ^^ndlatli ^ J thrust chamber, 

thrust chamber coolant P^^^^ w T not nfl^ the thrust chamber 

:::irnr-l: t^u^; r^:.:‘n;uizf radiation cooimg from low supersonic 
area ratios to the nozzle exit. 




A- 
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gas-side MMX 





gas-side mau temperatcse. 


















Slnco tho tlu» pronu, i» hlRhMt 

rr.rr«jr.is w 

.‘"Si’p r„Mo ..>r -P-u-ia.. .-..ppp of lUroo... 

and ohninbnr prtiHflurPH. 

A ciu»|>iirloim ‘J°rM48^rClOOo'‘lVr)'tln-unt. tlw tiitont 

r;:?;pur;;:tr?:/uvKJ-i - "»■ — 

prorfHurofl. 






iv^ CooXinp 

Corobtnlng the thrust chamber contour, 

distribution, thrust chomber material Jupt^e data'ranS tb^ thrust 

strength, ultimate strength, chamber pressure, mixture ratio, 

"count hoot input and cnolont prca.nrc drop to,ultcd to pc 
form the engine cycle balances. 

s9as»3Htgss^ffiK% ~SS':rS' 

(Ref .3 ) was used. 


Nu 


0.0204 Re °-® Pr (I + 0.00983 V 
r r ^jz. 


(4) 


where 


- Tfi + O.A <W 

And where v and v are the kinematic viscosity evaluated at the wall and 
fluid bulk temperatures, respectively. 


nbcv. 83 3 K (150 R, the rpL^uHl, 

"« wn! Srugh « ffld\rappUanbl’o t’o other oooUnta .ith .Inlla. 
Prandtl numbers. 


Cf /2 

0.92 + (Cj/2)°*^ [g(e** Pt) - 8.481 


(5) 


1 

j 

\ 
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Jl. 


where 


bCg* Pr) " 

b(c*. Pr) - 4.5 + 0.57(f *)®'^^ for 

, * - Re(c /D)(Cj/2)°‘^ 


«.,„„hno»« nr., „ fun«*»n 

her. Typical enhanc omenta of l.Z are reaaity aunicvtu. 

aa 1.6 are ponfllblo at- hlp,h Reynolds numbers. 

For methane, the stnndard Nunnult number eorrolntlon with the mrvatuic 
entrance enhancement factors was used. 

Nu <=> 0.023 Re°‘® ♦e 

For RP-1. the Rocketdync correlation developed from the Atlas. Thor, H-1. and 
F-l enRlno programs was used. 

/Sner B 0.95 1,-0. 4 1 1 ^7) 

Nu 3 0.0056 Re Pr \ 

.. j 4 « fha „n«iw«ia auldellnes, the coolant curvature enhancement 
As presented in the analysis guia • limitation as for the Space 

factor (4.,). was limited to “ X Jirtwo-dlmensionkl 

Shuttle rakln engine and the A analyses, the full curvature enhanco- 

chunnol wall temperature distribution analyses, the tuii^cu 

UnLrlJ'vaileratorg 'tSe side'SaUs Channel height) of the coolant channel 
to a value of 1.0 at the channel closeout surface. 

influence of Comh ust io n Chamber tSf iSflSence 

JSl rett”s‘.rrr a:.rrr. "^rr^rifra- 

J: “..uaSd ng. w. a. 

bution. ^e approximately linearly with combus- 

-si;rrrarrH\q«r 

itr':.!:.-!" trrta.r:/rr.crca/r in brat naa 

whlVreduces the coolant mass velocity required to achieve the same wal 
temperature. 


.*• 
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NEAT ABSONnEO. K JIMaES/SEC 


CON9U8TION CHAHflER UENCirH, INCHES 



Figure 13 . Variation of Heat Absorbed With Combustion 
Chamber Length and Contraction Ratio 
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KAT ABSQRBtD. BTtj/SEC 


COOUWT PKSSURE DROP, R/CW* 



COOUWT PRESSURE 



Coolant Circuit Selection . One of the major goals regenerative cooling 
la to minimize the coolant preaaure drop for a doBlred wall temperature dis- 
tribution. This is particularly important for the pressure-fed engine 
concepts due to the limited available pressure. Therefore, the aelectlon of 
the thrust chamber coolant circuit and the design of the coolant passages are 
Important In defining cooling limits. Typical regenerative cooling circuits 
ar6 llluetrated achamatically In Fift. 15 • The siraploHt circuit la the nlngle 
uppass cooling circuit (A and B) with the Inlet at the no^ale end. The uppass 
combustor circuit takes advantage of the coolant curvature onhancomont to aid 
in cooling tho high heat flux throat region. However, at the low-thruat con- 
ditions of interest, the coolant bulk temperature rise la higher than at 
high thrusts and, as a result, thlp circuit would result In higher coolant 
pressure drops. 


In the split-flow cooling circuit, the 
parallel. This is the cooling circuit 
Advanced Engine (ASB) thrust chamber. 


combustor and nozzle arc cooled in 
of the 88964 N (20000 pound) thrust 


The fourth cooling circuit shown In Fig. 15 consists of a series uppass com- 
bustor (channel wall) and a downpass nozzle (tubes). The nozzle also could 
Incorporate a two-pass cooling circuit. This cooling circuit utilizes the 
highest coolant temperature fluid to cool the lower heat fluxes (nozzle) 
using a hlgher-temperature-limit material (steel) . 

Depending on the resulting coolant passage size and coolant bulk temperature 
rise, all of these coolant circuits could bypass a portion of the coolant 
flow, if the thrust chamber coolant passage design is not bulk temperature- 
limited (high coolant bulk temperature near exit), and the channel sizes are 
so large that the channel height is being restricted by the channel height 
limitation, bypassing coolant can reduce the coolant channel sizes to a 
reasonable value and provide satisfactory cooling. 

Typically for the high heat flux applications such as the SSME and kCE thrust 
chamber, the copper-base alloy such as NARloy-Z or Zr-Cu are the natural 
choice In material. However for lower heat flux, lower thrust and chamber 
pressure applications, the thrust chamber designs will, in some cases, be 
bulk temperature limited. For this type of design case, the peak heat flux 
location will not be the critical design location. The coolant bulk tempera- 
ture at the coolant exit will approach the temperature limit of the wall 
material, and cooling will become difficult. The copper-base alloys should 
be limited to a maximum gas-Side temperature of approximately 811 K (1000 F) 
to ensure a durable design. Above this temperature, cases of localized wall 
erosions have been experimentally encountered. A logical solution to this 
problem is to use a material having a higher wall temperature limit such as 
nickel. For nickel, the durable design temperature limit is 978K (1300 F) . 
Nickel has a moderate thermal conductivity, but has a hydrogen embrittlement 
problem. Therefore, nickel was evaluated for methane cooling but not for 
hydrogen cooling. 
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(<) &IN6U UPPASS COOLING CIHCUIT (ALL CHANNEL WALL) 



AND TUBULAR WALL CONFIGURATION) 



(c) SPLIT-FLOW COOLING CIRCUIT (CONBINEO CHANNEL AND 
TUBULAR WALL CONFIGURATION) 



COOLING CIRCUIT (CONBINEO CHANNEL AND TUBULAR 
WALL CONSTRUCTION) 


Figure 15. Typical Regenerative Cooling Circuits 
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BEGi^JERATIVE-COOLING CIRCUIT COMPARISON 
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TABLE A . SUMMARY OF DETAILED RECiENERATIVE-COOLINU ANALYSIS CASES 


PROPELLANT 

THRUST, N (Ibf) 

CHAMBER PRESSURE. 
N/ciu2 (PSIA) 

COMMENTS 

LOg/Hg 

1334S (3000) 

689.5 (1000) 


LOj/Hj 

13345 (3000) 

344.7 (500) 


L 0 i,/H 2 

13345 (3000) 

68.95 (100) 

2-PHASE Hg 

LOg/Hg 

4448.2 (1000) 

689.5 (1000) 

ON COOLING LIMIT 

LOg/Hg 

4448.2 (1000) 

344.7 (500) 


LOg/Hg 

4448.2 ( 1000 ) 

68.95 (100) 

2-PHASE Hg 

LOg/Hg 

2224.1 (500) 

448.2 (650) 

ON COOLING LIMIT 

LOg/Hg 

444.8 (100) 

275.8 (400) 

137.9 (200) 

EXCEEDED STUDY GUIDELINES 
ON COOLING LIMIT 

LOj/Hj 

444.8 (100) 

68.95(100) 


LOg/CH^ 

13345 (3000) 

689.5 (1000) 

ON COOLING LIMIT 

LOg/CH^ 

13345 (3000) 

344.7 (500) 


LOg/CH^ 

13345 (3000) 

68.95 (100) 

EXCEEDED STUDY 
GUIDELINES 

LO 2 /CH 4 

4448.2 (1000) 

344.7 (500) 

ON COOLING LIMIT 

LOg/CH^ 

4448.2 (1000) 

275.8 (400) 

EXCEEDED STUDY 
GUIDELINES 

LOg/CH^ 

4448.2 (1000) 

206.8 (300) 

EXCEEDED STUDY 
GUIDELINES 

LOg/CH^ 

4448.2 (1000) 

68.95 (100) 

EXCEEDED STUDY 
GUIDELINES 

LOg/RP-l 

13345 (3000) 

344.7 (500) 

EXCEEDED STUDY 
GUIDELINES 

LOg/RP-l 

13345 (3000) 

68.95 (100) 

EXCEEDED STUDY 
GUIDELINES 


n 



1 



m 

m I 

005 

.06 

.05 



Star MR « 6,0, 
1000 psta) 
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temperature Umit of 81 1 K (1000 F) for NABloy-Z. tho coolant-aide wall 
temperature exceeded the RP-1 coking llmJt of 561 K (1010 R) . More Impor- 
tant, oven the combuator outlet coolant bulk temperature exceeded the RP-1 
coking limit. A lower chamber proaaure (68.95 N/cm^’ or 100 pala) thruat 
chamber waa analyaed at thla thruat level and the same rcaulta occurred. In 
both the midrange chamber preaauro and tho low chamber preaHure caaea, tho 
RP-l coolant bulk temperature exceeded the 561 K (1010 R) coking limit oven 
without conalderlng the no^ssle cooling. Therefore, regenerative cooling of 
I.O /RP—l thruat chambera could not be accompllnhod within the analyalo 
gvifdellneo (neglected the exlatance of a gaa-alde carbon layer). 

In .an extended thruat chamber cooling an/ilyala, the benefit of a gaa-alde 
carbon layer for l.0„/RP-l regeneratlv- <cooled thruat chombeiH wan evaluated 
and found fenalblc.'^ Theao analyala reaultn will be proaented in a following 
dlacuaalon. 

In catabliflhlng the minimum regenerative-cooling chamber pressure Umit for 
the LO /H, and L0„/CH, thrust chambars, two-phaso boat transfer analyses were 
condueiodf For tfie L&JCH. thrust chamber analysis, a curve-fit of available 
methane burnout heat flux test data was developed. Since the test data range 
was limited, the assumption was made that the developed relationship applied 
for the heut fluxes i pressures * and coolant velocities which were evaluated* 
Assuming a minimum cooling Jacket discharge pressure of 1.087 times chamber pressure 
methane subcrltical pressures are encountered at chamber pressures below 
3A4.7 N/cm^ (500 psla) . An analysis was performed for a 275.8 N/cm 
(400 psla) chamber pressure and Indicated that the coolant velocities 
requited to just cool the burnout heat flux (safety factor equal to 1.0) 
resulted in coolant Mach numbers exceeding the allowable 0.3 maximum limit. 


Another cooling approach to subcrltical LO 2 /CH, chamber pressure thrust 
chambers was evaluated briefly. This approach was to vaporize the methane 
at low heat flux (in the nozzle), then cool the combustor with gaseous meth- 
ane. The two-pass nozzle regenerative cooling circuit to an area ratio of 
200— to-l was analyzed. To cool the burnout heat flux values, the maximum 
coolant Mach number (nozzle outlet) exceeded the maximum allowable 0.3. Also 
the coolant bulk temperature exiting the regeneratlve-cooled nozzle portion 
was 478 K (860 R) . This coolant bulk temperature would make the cooling of 
the combustor with coolant Mach numbers less than 0.3 extremely difficult if 
not impossible. Therefore, it waa concluded that within study guidelines, 
regenerative cooling at subcrltical pressures with methane was not feasible, 
and the minimum chamber pressure was set at 344.7 N/cm^ (500 psla). For sub- 
crltical chamber pressure L0„/H_ thrust chambers, the heat flux versus 
(T - T ) curves shown in FlgT2lwere used to determine the wall temper- 
atures !n"the two-phase region. The 68.95 N/cm^ (100 psia) thrust chambera 
at 4448 N (1000 pounds) and 13345 N (3000 pounds) thrust were analyzed 
using Fig. 21^ttd the regenerative^ cooling program. As shown by the typical 
results presented in Fig. 22, satisfactory cooled combustor designs were 
achieved with maximum coolant Mach numbers and maximum wall temperatures 
within analysis guidelines. 
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However in applying the Thureton/Rogoro flow atablUty criterion to aasoaa the 
flow atabiUtJ of ?hnae subcrltlcnl chamber ^° 2 /H 2 thruat ‘=“era. 

the coolant flow in the combustor dealgna was found to be unatablo. There 
Core, the maximum chamber preasuro for a regenerative-coolod lOg/b^ thruat 

^ uXd to charter tavipj rS''S’'!mliS ” 

uaa 103.4 N/cm2 (150 palal for thruat levels of u44B N (1000 pounds) t 
13345 N (3000 pounds) and 68,95 N/i-m^ (100 pala) at 445 N (100 pounds) thrust. 

Creep Anolyais. With the requirenwmt of long engine total firing durations at 
j;i;rtT^ru‘^t^ela, the existence of imtterial creep could create detrimental 
effects on the thruat chambers. WUh a reaenernt Jve-cooled portion, coolant 
pasnagea could distort and enlarge, resulting in nyiher-than-design wall 
teroporatures. for film- and radiation-cooled portions, significant croop 
could result In thrust chamber contour distortion, local hot spots, and 
additional poriermnneo loss. 

For the regeneratlve-coolod channel wall combuators, the maximum flxod end- 
beam bonding Htrooa was computed for thrust chambers on the maximum 
proooue cooling limit. The maximum creep stross range for both the LO-ZHj 
(NARlov-Z) and LOJCH, (nickel) combustors and extrapolated wall nuiterlal 
creep data are prLented in Fig. 23. For NARloy-Z the creep rutd was less 
than 10“^ In. /In. /hr. The creep rate for nickel was approximately 10 ' 
in. /in.. hr and assuming a 50-hour total engine firing duration and u safety 
factor of 2 , the creep was 0 . 001 %. 

The maximum stress on the radiation-cooled nozzle extension was computed at 
the maximum temperature location (attach area ratio of 200-to-l). Molybdenum 
was assumdd to be used for extensions having maximum wall temperatures of 
1644 K (2500 F) or less and L605 alloy for maximum wall temperatures lesa 
than 1367 K (2000 P) • The maKlmum creep for molybdenum was less than 0*007/^ 
and less than 0 . 002 % for 1.605 alloy using a safety factor of 4. 

Using the same materials for the same temperature ranges for the film-cooled 
thrust chambers, the maximum creep for the molybdenum was less than 0.7% 
using a safety factor of 4. 

Parametric Data. From the detailed regeneratlve-cooled analysis, parametric^ 
plots of coolant heat input and coolant pressure drop for the LO 2 /H 2 and I.O 2 /CH 4 
thrust chambers were developed for the channel wall combustor and tubular nozzle 
(Flg.24 through 27). The relatively constant combustor coolant heat input 
la the result of the less-than-llnear Inverse relationship of combustor 
gas-side surface area with chamber pressure. The combustion chamber length 
varies approximately as 

c c 

and, as a result, the area decreases almost as much as the average heat flux 
Increases with increase In chamber pressure (fixed thrust) and the heat Input 
remains essentially constant as shown in Fig. and for LO 2 /H 2 and LO 2 /CH 4 
combustors, respectively . 
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The nossele coolant heat input decreased with increase in chamber pressure at 
a constant thrust (Fig. 25 and 27 ) . This trend la the result of the fixed 
nondimenslonal nozzle contour so that approximately 


Q 



(9) 


The coolant pressure drop Cor the combustor and nozzle of the h 02 /H„ and 
LOj/CH. regenerative-coo led thrust chambers are presented in Fig. 28through 
317 Tne coolant pressure drop Increased with chamber pressure at a fixed 
thrust level as a result of higher heat fluxes. The Influence of thrust on 
coolant pressure drop at a fixed chamber pressure was almost negligible for 
the regunc.ratlvely cooled LO 2 /CH 4 thrust chambers as shown in Fig. 30 and 31. 
However, with the LO 2 /H 2 thrust chambers (Fig. 28 and 29), the coolant pres- 
sure drop at high chamber pressures was higher for the lower thrust. AC 
lower chamber pressure, this trend reverses. For LO 2 /H 2 chamber pressures 
below 103.4 N/cm^ (ISO psla), the increased coolant pressure drop was the 
result of two-phase heat transfer cooling requirements. 

Cooling Liiuits . The regenerative-cooling limits were established for LO 2 /H 2 
and LO 2 /CH 4 thrust chambers through the use of the detailed regenerative- 
cooling analyses, and are presented in Fig. 32. L02/RP-1 thrust chambers 

could not be regeneratively cooled within the analysis guidelines, but were 
found feasible in the extended thrust chamber cooling analysis (one of the 
sections to follow). 


For L0-/H., thrust chambers, the study specified maximum chamber pressure of 
689.5 H/cm 2 (1000 psla) limited the chamber pressure for thrust levels from 
13345 N (3000 Ibf) to 4448 N (1000 Ibf ) . Below 4448 N (1000 Ibf) thrust, 
the maximum coolant Mach number limit of 0.3 and the durability limit of the 
wall temperature limited the bO-ZH, regenerative cooling to 448.2 N/cm2 
(650 psia) at 2224 N (500 Ibf) thrust and 138 N/cm (200 psia) at 444.8 N 
(100 Ibf) thrust. 

For L0,/CH. thrust chambers, the maximum chamber pressure (cooling limit) 
decreased from 689.5 N/cm^ (1000 psla) at 13345 N (3000 Ibf) thrust to 
344.7 N/cm2 (500 psia) at 4448 N (1000 Ibf) thrust. 

The LOj/Hj thrust chambers offered a larger operational envelope (thrust 
and chamber pressure) due to the better cooling capability of hydrogen and 
its lower critical pressure. 

The minimum chamber pressure limit was set by the critical pressure of the 
coolant (fuel) for each propellant combination. However, subsequent engine 
cycle balances (discussed later) revealed supercritical thrust chamber cool- 
ant discharge pressures at subcrltlcal chamber pressures due to the turbine 
pressure ratios required. Therefore, the minimum chamber pressure limits 
shown in Fig. 32 Were lowered as discussed In the Extended Thrust Chamber 
Cooling Analysis section. 
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Figure 31. LO„/CH, Nozzle Coolant Pressure Drop 












Film Cooling AnaXyalfl 


From th«3 cooling annlynls guidelines (Table 2 )* a maximum performance loss 
allowed duo to film cooling Is 10%. The amount of film coolant (fuel) which 
results In this performance loss la the maximum allowable film coolant flow, 
and would achieve the maximum chamber pressure at a given thrust levol, 
Therefore, the fUm-coollng analysis approach used was to determine the 
specific Impulse loss variation with film coolant flow and define the maxi- 
mum allowable film coolant flow for a given thrust and chamber pressure. 

Using this film coolant flow and the goa-slde heat transfer coefficient 
distribution, the thrust chamber wall temperature distribution is determined 
and compared to the maximum nllownblo wall material temperature. If the wail 
tompornturo is loss than the allowable meter lal tormporature, the thrust 
chamber ropresants n feasible design. This analysis procedure Is repeated 
for different design conditions to define the fllm-coollng limit. 

Pe rformnnee I.ob h. The film cooling performance loss wos computed using the 
simplified JANNAF method. The method consists of prescribing a linear mixture 
ratio distribution from the film-cooled wall (low mixture ratio) to the inner 
core, and considers the film-cooled region to be divided into several zones. 

The mixture ratio profile variation and pertinent equation^ are shown In Pig. 33 
For this type of analysis, the following assumptions were used: 

1. For fuel Injection, the mixture ratio at the wall is low, approach- 
ing zero, since the gas is in contact with the pure injected fuel. 

2. The mixture ratio of the core gas stream is unaffected by the cool- 
ant (i.c., the coolant is completely entrained in the primary gas 
stream before any of it reaches the center of the chamber) . 

3. Mixture ratio between these limits is linear (as has already been 
stated) . 

4. The variable mixture ratio region is divided into zones and the 
coolant is assumed to react with the main flow at the local mixture 
ratio. 

5. The flow In each zone is then Integrated to determine the mixture 
ratio and specific Impulse, and a mass-weighted average specific 
Impulse Is calculated, 

6. This value is then compared to the specific impulse at the same 
overall thrust chamber mixture to determine the loss due to the 
coolant flow. 

The results of this method correlate quite well with experimental results 
(O^/Hz) and other propellant combinations). 

The film cooling performance results for the three propellant combinations 
are presented In Fig. 34 through 36. The specific Impulse loss curves which 
are Independent of thrust are presented for chamber pressures of 13.8 U/cm‘ 

(20 psla), 69 N/cra^ (100 psla), 344.7 N/cm^ (500 psia), and 689.5 N/cm^ 

(1000 psla) for a 400-to-l area ratio nozzle. For a given percent film 
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The mixture ratio as a function of radius is then given by; 


MR = MR^. - (MRj,-MRjj) 



figure 33 . Equations for Computing Maldistribution and Transpiration 
Cooling Performance toss 
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coolant flowrate, the htr.hoi.- chamber prearturea remilted In a lower film 
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An,iiu«iH Renultfl. In performing the film cooling lu'nt ininHliM- annlyalH, the 
ini' tioijUoR employed f..r 
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minimal cooling influence. 

Heat transfer analyses of 11 film-cooled LO /H thrust chambers were per- 
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Figure 38 . LO,,/CH^ Film-cooled Thrust Chamber 
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dlHtrlbutlonH for two typical fllm-coolod thrust t liamht>r dustRns ( 10 % 
specific, impulse loss) ore shown in Fig. Al. The 444B N (1000 pcnindB) thriiHtt 
68,95 N/cm^ (100 psln) chamber prcHsuro design resuited in a maximum wall 
temperature of 1636 K (2484 F) at the nogr.lo throat. The 1334.5 N 
(3000 pounds) thrust design (68.95 N/cm^ or 100 pnln) had n maximum wall 
temperature of 1276 K (1836 F) which occurred downstream of the non^.le 
throat . 

The film cooling aunlynta of 12 fllm-coolod hO^/RP-l thrust chambers were 
performed using the gaseous fllm-cooUng analysis model for chamber ptessures 
above 234 N/cm" (340-psla RF-l critical pressure), and the liquid film- 
cooling analysis modoi was used below this pressure. The resulting maximum 
chamber wall temperatun^B versus chamber pressure curves Cor constant thrust 
are present«*d in Fig. 42. For the 10% specific, impulse loss film coolant 
flow (approximately 7.2% of total flow) and a 1644 K (2500 F) maximum wall 
temperature, a small region of feasibility resulted. 

Cooling hlmits. For all three propellants, a maximum wall temperature limit 
of 1W4 K~ (2500 F) was selected as the material temperature limit. Thrust 
chamber film cooling analysis revealed that LO 2 /CH 4 film-cooled thrust 
chambers were not feasible, and the L02/H2 and LO 2 /RP-I film-cooled thrust 
chambers were limited to low chamber pressures. As for regeneratlve-couled 
thrust chambers, the I.O 2 /H 2 thrust chambers offered the largest operational 
thrust and chamber pressure range. 

The maximum film-cooled thrust chamber cooling limits for LO 2 /H 2 and L0,/RP-1 
are presented In Fig. 43 for the 10% specific impulse loss film-coolant flows. 
For L0,,/H,, the maximum chamber pressure at 13345 N (3000 pounds) thrust was 
105 N/cm^''(152 psia) and, as the thrust level was decreased, the maximum 
chamber pressure decreased to 13.8 N/cm (20 psia) at 1081 N (243 Ibf) thrust. 
For L0,/RP-l film-cooled thrust chambers, the region of feasibility was 
extremely limited. This region, as shown in Fig. 43, extended from a 
chamber pressure of 13.8 N/cm^ (20 psia) at 5849 N (1315 Ibf) thrust to 
17.9 N,/cm^ (26 psia) maximum chamber pressure at 13445 N (3000 Ibf) thrust. 

As for LO.^/RP-1 regenerative cooling, the Influence of a gas-side carbon 
layer was‘'neglected. 

The maximum and minimum chamber pressure cooling limits for film-cooled 
L0,,/H., thrust chambers are presented in Fig. 44. Maximum chamber pressure 
curves (10% specific Impulse loss) for maximum wall temperatures of 1644 K 
(2500 F) and 1367 K (2000 F) are shown. Thrust chamber designs within the 
maximum and minimum cooling limits have film cooling specific Impulse losses 
varying from 3 to 10%. 

Extend e d Thr us t Chamber Cooling 

The regeneratlve/radlatlon-cooled thrust chamber cooling limits previously 
defined were extended by altering the cooling criteria and adding a phvslcal 
thermal barrier for added cooling enhancement. The original cooling criteria 
(Table 2) were changed by: 
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1, Idceedalng the roaxlroum coolant (Rne) Mach number from 0,3 to 0.5 

2, Increaeing the maximum allowable RP-1 coking temperature limit from 
561,1 K (550 F) to 6A4 K (700 F) 

3, Adding a carbon layer maximum allowable temperature limit of 
3311 K (5500 P) nr other phyalral thermal barrier 

The firat two changeo are incroauen from conaorvatlve valuea to the upper 
boundfi of Coaalblllty. The third limit wan added for dealgna permitting 
the added benefit of a gaa-alde carbon layer, Hack calculatlona from 
available teat data have Indlentcd carbon layer temporaturea clone to 
thin value. 

The phynteal thermal harrleru were aeloeted lor each propellant baaed on prevloua 
ntudy analyaea and experimental remilta (Table 5), Phynteal thermal barriern 
were chonen over fluid thermal barriern nlnco fluid barriern ran renult In n!ir 
III f leant eaollng perfomianoe lonnen, and phynleal barriern do not Incur any 
pelermance penalty. For both bOp/CH/-, and 1,02/lb). '» gnn-nide ceramic coating wan 
ad.led to the regenornt I ve/radlnt ion cool ing of thene propellantu. Hxperlmc'nlal 
remilta from b02/Rl‘-l rocket engine programii ouch ua the F-l and Allan allowed 
llie exJatenee of a hot gaa-aJde carbon layer which reduced the local heat 1 Inx 
and heat Input to the cooiant. In contrast , thermal data from recent I.02/Rl’-J 
thruut chambur teata over a thrust range from approximately 44482 N (10,000 
to 88964 N (20,000 Ibf) and a chamber pressure range from 689.5 N/cnr (1000 psla) 
gave no evidence of carbon deposition creating n thermal barrier on the chamber 
wall (Rol . 4). In the extended cooling anolyala of the LO^/RP-L low-thruat 
chambers, It was assumed that a carbon layer will exist In accordance with the 
equation In Table 5. Should this not be the case, a gua-side ceramic coating 
similar to that assumed for the 1 , 02 /CH^ and LO^/H^ chambers could be applied, 


TABLE 5 . PHYSICAL THERMAL BARRIERS 



PROPELLANTS 

BARRIER 


LOg/RP-l 

CARBON LAYER 

(9.0-0.51G] 


LO 2 /CH 4 

CERAMIC COATING 


LO 2 /H 4 

CERAMIC COATING 
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with hO^/RP-l thrust chombcra, the extended reRenerntive/rndiatien-coolin« 
analysis for thrust levels of 4448.2 N (1000 Ihf) to 1334 «i N ( 1000 IbO 

ProBSuro of 344,7 N/cm^ (50Q psla) with the 
current LO„/RP-l carbon layer resistance rolat Innslilp of x/k«e(‘^~0, 3IG) 

The parameter G is the local hot-gas mass velocity. The resulting constant 
chamber pressure coo Ing limit (FIr. '.5) cm be explained by this relatldll- 
shjp .»nd cinvontlnnal bout Mux trends. As thrust is Increased, the heat 
llux level decroasea silghtly (hydraulic diameter influence) and, since the 
hot-gas mass flow tnereaoes (G) with thnist, the carbon layer thickness 
decreases. Therefore, tl-ese two InfluencoH tend to cancel each other and 
esii t Id an easentlallv constant maximum roRenerativn/radiatton'^cooUnR 

nm|Mr.Uiir(' Mfnffna hofii nf i,Iujhh UMHif\nri« 

Helow 444H 2 N (1000 Ihf) .brunt, the RP -1 enolant bulk temperature 

I'.ii.ed lu (he nor, tie .tec. Ion to a value wlileh created a cokinR problem, 
lilt H lei. , (hi maximum ceol.ahlo ehamber prenaure decteam'a an thruat 

teeie.iiien (I Ir. a i). The mtiUmiim chamber waa aet hy the RP-I crltleal 
prt'SHine. 

Tl"' reauli,, of the detailed I.O,,/RP-| thruat chamber cool Iiir analyalu am 

LUrllnt ru ^ with incroatii* in t^h^Miibor profuniro nnd docronno In 

fir ih,'. li /»b'T ‘f P''"'™'"'" '"■"P wUh thruHt ,.„d chiinber |.rr»»i.ri, 

ir.' 1 •!? 11 r.,mb™u.r and nonnln am »ho»„ 

in 14 ,. 1 / and ■» J. iheao heat Input and coolant preHsuro drop data were 

on'Rhudhallldcuilf”'' computer proRram to perform the I.O^/RP-l 

The extended cooling oupubillty evaluation of the L0„/CH, rogunerativo/ 

chambern with a ZrO., ceramlc^cou^ing*(t - 0.0127 cm 
or O.OOj inch) resulted In higher maximum efiamber pressures over the entire 

I, ‘'TT' ,f“ ‘"T chanbor fmllfrl cln 

lu loo ed for thrust levels down to 4448.2 N (1000 Ihl ), and cLllog la 
liasihle at, the low thrust level of 444.8 N (100 Ibf). 

to performing the engine cycle balances of LO,/CH. engines, supercritical 
thiuot chamber coolant discharge pressures were obtained for subcrltlcal 
chamber pressures. This trend is due to the turbine pressure ratio require- 
m«.» o. U„. onnlnn nycln. In fact, for th« dirnnt nipandnr nfl f! T 
Uianbor prn.saucc, apptonlMtoly a faclot of 2 bnlo« the coolant prlHcal 
lowerlT' I’herefore, the minimum chamber pressure llmltH were 


The extended cooling capability evaluation of the LO /H_ regenerative/ 
r.idlatlon-eooled thrust chamber with a ZrO ceramic coaling (Fig. 51) 

Presaures for the 444.8 N (100 Ibf) to 
liw>r*^ 1 [ I u and a lower minimum chamber pressure. The 

I ritl^/n 'T. 'T T established 1„ the same manner as for 

I. U ' 2^^'*'4 thrust chijraberH, l.e., by keeping the coolant pressure .it the 
\Mkvt diHvhar^yv :\how the critical prcBHurc of hydrogen. 
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Figure 46 . LO 2 /RP-I Combustor Heat Input 
(with Gas-side Carbon Layer) 
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Figure 48 . LO 2 /RP-I Nozzle Heat INput 

(with Gas-side Carbon Layer) 
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Figure 50 . L02/CH^ Regene rative-cooled Thrust Chamber Cooling 

Limits — Original and Extended 
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Figure 51 . L0^/H2 Regenerative-cooled Thrust Chamber 

Cooling Limits — Original and Extended 






ENGINE SYSTEM CONCEPTUAL AND PARAMETRIC ANALYSIS 


C’.'uh of tl,o throo nroS??antn 5h, f wnlyaio for 

.inJ fho onj'tno comploxfty ratlna dotcrmln it inn ' a ? “^yclp onolynis 
to iJi'tonnlno aclitcvab lt> nnd/.yr nr.» i nation. AnnlysoH wcro crinductcd 

zixt. 

I'lny Ino Coni 1 jyirat 

h'w’ow orur»;l;:iri\^’:ant ?crJZanco1i;tj‘'^;nTu * 

aHsoclatod with film cooling, It was assumed thn^ design range 

orativoly cooled. Simplified schematics of the regen- 

In Fig. 52. These Included both oumn ond «»• ^ ‘-•‘tidldate systems are shown 

turbi„o/|,„„p-f„<i cycle, eech a. the expand^, 8"rgeherIwJ"°a^f ,t'aLd°'‘^ 

pnmpa. the p„.pa can be'drl^eS ^ e?Ltnc h.°, " 

power through a turboaltemator or fuel cells L addl^LT'’ ^? ^Je'^tric 

Incorporation of an accumulator that permits the^LsJon „f \ 

small tanks are alternately prlssllTzlTuUel^^^^^^ 


TABLE 6. ENGINE CONFIGURATION MATRIX 
JONFIGURATIQN 


Direct Expander 
Oi rect Expander 
Turboal ternator Expander 
Turboalternatcr Exapnder 
f'uel Cell Pewered 
f'uel Cell Powered 
TAnk Mounted Pump Expander 
Tank Mounted Pump Expander 

Turb^!^ ‘ Accumulator 

Turboal th Expander with Accumulator 

Staged Combustion 

Staged Combustion 

Gas Generator 

Gas Generator 

Gas Generator 

Pressure Fed - Conventional 
^orallel Pressurised Tank 


PPOPELIANT 


H.VO2 

CH./O, 

CHa/0 
H. /O; 
CHu/0: 

CH./O; 

H:/0. 

CHn/0; 

H.70, 

CHu/0. 

H.'/O; 

CH./O 

RPH/0 

H. /Ov 
H . /O 


COOUNG 

method 


Reqenerat I ve 
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FIGURE 52. ENGINE SYSTEM CONCEPTS TO BE STUDIED 
(0,/H., 0,/RP-l, 0 /CH Propellants) 




P ^n n1y_R_tR 

IHimp Typo. An ('vnluntlon of ponltlvo iliaplncoraont pumpfl (vano, Ronr, and 
Si^TuTlobo) and oontrlfinv'l (full and partial omlnalon) pumpa wan couducted 
to doflni*- tl>o pump typt* to bo imod In tho onp.lno oyclc evaluation. Uaiug i 
mlnl.rn.ni p..mp oloaranoo of 0.001 Inch for the poaltlvo-dlnplacomont pumpa, 
n.o pari lal-omlaa Urn oontrlfuRal pumpa achlovod blphor pump officloncion 
than tlio pin. Itlvc-dlaplafomont ptimpa at tho low (lowratoa. Thoroforo, tho 
cn.trlfur.al pumpa wore oho, urn aa tho pump typo to bo uai-d in tho onRino cyolo/ 
oonflriirnUon. I.O 0 /II 0 and b02/Cll4 ourIiich uLiU?.od a three-ataRo fuel pump 
and a HluRlo ataRO*'oxldlr.or pump. I.O 2 /RP-I cnRlnoa utlliaod alnRlo-staRO 
fuol /ind oxldtzor pumpa. 


Pumn and Turbine Limits. The geometric, hydraulic, and speed limits assumed 
tor the centrifugal pumps and axial turbines in the engine cycle evaluation 
are presented in Tables 7 and 8, respectively. These limits were imposed 
on the pump-fed engine c.af Iguratlons evaluated. 

In addition to the full-emission centrifugal pump, design relationships for 
partial-emission centrifugal pumps were incorporated Into the engine cycle 
balance computer program. In the engine cycle balance analysis as the 
engine thrust was decreased, the full-emission centrifugal pump impeller 
tip width became less than the assumed minimum of 0.076 eta (0.03 inch) 
shown in Table 7 . When the tip width became less that this minimum, the 
pump emission was decreased until the minimum tip width value was satis- 
fied. 


Electr ical Component Data . For engine cycle/conf igurat Ions incorporating 
elect r ic-motor-driven pumps and turbine-drive alternators, data were com- 
piled on current component capabilities and component weights as part of a 
company- funded effort. Parametric data on alternating-current (a-c) gener- 
ators or alternators are shown in Fig. 53 tv wound-rotor and permanent 
nuignet (PM) alternators. The maximum speed and corresponding weight as a 
function of the output power are presented. The PM alternators were 
typically lighter In weight. Similar data on electric induction motors are 
shown in Fig. 54 . The efficiency of the altematof and the motor were 
Individually assumed to be 85%, which was a representative value. 
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TARLR 7. ASSUMED CENTRIFUGAL PUMP LIMITS AND GUIDELINES 


PARAMETER 

FUEL 

OXIDIZER 

Mlnlnnini Mmitn 



ImpoHcv Tip Width, cm (in) 

0.076 (0.03) 

0.076 (0.0.3) 

Inducer Dliirootcr, cm (in) 

1.14.3 (0.4.*5) 

1.143 (0,45) 

Impeller Tip Diameter, cm (in.) 

1.778 (0.70) 

1.778 (0.70) 

Head Coefficient 

0 

1 

Flow Coefficient 

0 

06 

Bearing Size, ilun 

8 

8 

Maximum Limits 
Bearing DN 

1.9 X lOj (H,) 
1.5 X 10° (CH^) 

1.5 X 10^ 

Inlet/Outlet Diameter Ratio 

0.8 

0.8 

impeller Tip Speed, 

m/sec (ft/sec) 

*09.6 (2000) 

565.76 (1200) 

Inducer Tip Speed, 

ra/sec (ft/sec) 

457.2 (1500) 

304.8 (1000) 

Impeller Stage Specific Speed 

2000 

2000 

Head Coefficient 

0.5 1 

Suction Specific Speed 

61000 (H2> 
51000 (CH^) 

51000 

NPSH, m(ft) 

A.57n or 15 ft (H2) 
1.68m -T 5.5 ft (CH4: 
13.72m or 45 ft (RP-1) 

0.61m or 2 ft 
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TABLE 8. 


ASSUMED TURBINE LIMITS AND GUIDELINES 


PARAMETER 

PURL OR 0XIDI2ER 

Minimum Limits 


Turbine Adnilnnion 

0.10 

Turbine Pressure Ratio 

1.16 

Turbine Blade Heifiht, cm (in) 

0.635 (0.25) 

Turbine Pitch Diameter, cm (in) 

5.08 (2.0) 

Turbine Blade Hub /Tip Ratio 

0.6 

Maximum Limits 


Turbine Admission 

1.0 

Turbine Pressure Ratio 

4.0 

Turbine Tip Speed, m/sec (ft/sec) 

518.16 (1700) 

Turbine AN* cm^(RPM)^ or In^ (RPM)^ 

1 2.742x10^^ (4.25x10^°) 

Turbine Blade Hub/Tip Ratio 

0.9 

Turbine Inlet Temperature, ®K (®R) 

1033 (1860) 
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tor turboaXtartiatiit cycle the alternator apeed can be adjuated to 
chch’^^i the electric tnotor apeeda» but the relationahlp between the alternator 
. lev apeeda la fixed by the ratio of polea In the motor and alternatorj 

mtoT Speed, rptn - ^ternator) x 

(NU* Polea In Motor) 

(Altarnofcoc Spued) x (1-SLIP) (10) 

Typically, Che slip lo approximately 0.04 (4%). The PM alternator la always 
excited 4t the same level by magnets and produces a voltage directly propor- 
tionate to speed. The induction motor is a volts/rps device, which should 
be supplied with a voltage that la proportional to the speed so the alterna- 
tor and Motor can bo controlled without sophisticated electronic controls. 

I'.H? iho coll-powcrad cycle engines, the variation 

of fu'il «ll system weight with requlrcjd power output was determined and 
formed an Input to the engine balance computer program. The currently avail- 
able data (Pef, 5) Indicated that the weight of an O 2 /H 2 fuel cell is substantial. 
United Technology has been developing and testing a fuel cell. It weighed 
about 9.07 kg/kW (20 Ib/kW) . although the supporting equipment weight per 
kW decreased as the fue"' cell becomes larger. The General Electric fuel 
cell (Hg.55 ) currently under development is lighter in weight and was the 
fuel C9il assumed for this analysis. As noted In Pig. 55 , the fuel-cell 
system weight was a strong function of the power output and therefore the 
require* pump horsepower should be minimized to reduce fuel-cell system 
weight . 

A fuel— cell power conditioning (converter) efficiency of 90— percent was 
assumed in this evaluation. 

Tan^mo unted Pump-fed Direct ly-powared Pumps . In the evaluation of the 
tank junted pump-fed engines with directly-powered pumps, the heat loss 
through insulated heated fuel lines to and from the turbines as well as the 
added fluid pressure drops were determined. Line lengths for the tank- 
mounted configuration were determined from the NASA-LeRC specified tank 
configurations and are shown in Fig, 56. 


The heat loss from the heated fuel lines to and from the turbine was com- 
puted for a range of fluid temperatures, line diameters, and insulation 
thictoess. However, the total heat losses were found to be less than 0.1% 
of the total enthalpy and, therefore, were neglected in the analysis. 
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Figure 56 


Propellant Line Coat iguratlon tor Tank--Mounted 
Pump-Fed Directly Powerod-PumpH 


ParnmotrU^ 


tl.« o.,„dld„tc d„„l„„ 

AuUvtooub proBiiurlz.itton nnd lioonf pu»|>«^whii-h"irr(Ilonr;Jr?'‘7 

II..- ■..-I, „or.. not Innlndod „, .,n„I,„,„' of Jllo 

l>.«‘ »«PBrlnnnt.il data, tho cortuatlon 

•- ri‘; pT F" """ - 

; n-nanttV^nln.. m? 

m-onK-trli- <.IIv"'r,CT!x-K°™.Tct?on° i!“ *!l‘'’ tl.® noapln 

r..B.-iu.rnlivo-/rBdJatl„.;jMjnJ boundary layor losacs. Por 

tlmmt t'hanibur I'oollnR i& Included Far enthalpy gained through 

tlu> lilm i-aollnR loss ( 10 % maximum) J added!”^^^ 

tfcnd~if;:^^s'a(;:^^ the previously .llsoussed 

In the thrust chamber coolln^a^alys^ parJmet^L'r determined 

performance data were generated for reln« delivered thrust chamber 

«>2/C»a onsino. „Uh a^SL^rLorra^lo 

parametric data are presented in Pics length). The resulting 

the delivered thrust chamber specific *lmpulhe°increas I'02/H2 (Fig. 64), 
from 444.8 N (100 Ibf) to 2214.1 N (500 Ihn rJr f u®® fP»'*‘°’<i">ately 2.5% 
from 2224.1 N (500 Ibf) to 1.33xyT(3000 
occurred for the LO0/CH4 engln^ (Fie 6s? 1 ^ 

achieved significantly higher delivered snc'ift 1^0^112 engines 

than the LO2/CH4 engines for the same thrEst^f^d (approximately 28%) 

propellants, the specific irmulao thrust ^d chamber pressure. For both 

chiimber pressure due to a decrease ln*^theoretJ**^T N/cm2 (300 psla) 

Increase in kinetic and boundary lajer losses! specific impulse and an 

sarlly result lE^^E^higS^dEll^JEd EpSflE P^'^saure does not neces- 

increases, the pump required horsepowEr also InlreTsos ^Ed"mE^^' 
flow Is required to power the turhlneo nZ* and more gas generator 

l..Juc,ed Into the noLlc g™ flew, which In 

than that of the primary thrust J specific Impulse 

Increases, the primary thrust chamber delivered * design chamber pressure 
due to the theoretical valuE iEcEEEEinfairrhf Increases 

layer losses decreasing with Increase In clmmbEr EEEEE^EE boundary 

gas generator How is required (hinher pressure. However, as more 

delivered specific Impulse will evEntulEltf’d ‘ ‘^’>0 overall engine 

becomes a more significant part of the^otEl generator flow 
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Vlgure S7 


Kxpandor-Cyctc' Kngino Schematic 




































Hgure 60. Stoged-Combuat Ion Engiiw .Schematic 
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Figure 61 . Gas Generator Cycle Engine Schematic 
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Figure 65. 


LO^/CH^ Regeneratlvely-cooled Thrust Chamber Delivered 
Specific impulse Variation with Chamber Pressure and 


Thrust 







,-v 


gtlm-;itodt»f * th™Bt cimbetm art. 
impul^r tha p„ , fl«ad 

shown In PlRS* 67 and 68 with j creaned, the ftlm'-cooHnR loRS and the 
thrust an the chamber prennure in „.-tlon kinetic loan tncrennen. 

theoretical opecific impuLae decreanos delivered specific impulse 

Saratora. aa^ha aha.har JV^adactaBaa la lha rtaoratlaal 

increased until the increase i^,,yorpd specific impulse decreased, 

specific impulse dominated and ebamborn, a maximum delivered 

¥or the I.O 2 /H 2 2 N aSoO pounds) and 13145 N (3000 pounds) 

specific impulse occ^red ^ Jtd^8 QH/cm^ (iqO psln) chamber pressures, 

thrust at 41.37 N/c.m2 (60 psla) ton-c^ thrust chambers, the 

respectively. For the ^ 2 (20 psin) was reached before a 

minimum study chamber prcsa. ro of 13. 79^/ cm 
maximum specific Impulse value was mhlovcu. 







CHAMBER PRESSURE, PSIA 


wfli/aas ^ai ‘asindwi aiaiaads aaflMvuo xsnuiix aanaAnaa 



Dx/oas N *a8in«9<i DiaioadS aaaNVHD xsmiHX aauaAiiaa 


lOl 




Figure 68 , LOj/RP-l Film-cooled Thrust Chamber Delivered Specific Impulse 
Variation with Chamber Pressure and Thrust 


thruat ranRO of Intoraat. ''"f^ 22 A./N ond%AA8.2 N (500 Ibf nnd 1000 Ibf). 

llmitod to Hprclfio ‘"T_” . ohnnibera woro roRonerntlvely ooolod with 

Aa indlcnted prcvlonaly. oU ^hruat h „yatoinH were not Incor- 

fiua. Alno. oSndor Jyelofl. a numbor of bnlanoen wore 

f;.:: tuo .ore eonaervntwo value of 20 .. 

Roaulra of tin. oyclo S^rfor 

mrort EH>iindor Cyclji ,^te 88 ‘^arthe’'corUng‘’um^ N 

power limit a for LO 2 /H 2 q® J, /314 7 pounds) thrust. From approximately 

(3000 pounds) to approximately lAOO N the cooling limit wna 

lAOO N C31A.7 pounds) to AA .8 N (100 ^4„ber pressure A53.2 N/om2 

slightly lower than the .ILq pounds). For the LO 2 /CH 4 engines, 

(657.3 psla) was achieved a J3A5 N (3000 PO^nds)^^^ 

the direct ‘expander P°''f AA48.2 N (1000 pounds). The maximum 

from 13345 N (3000 Vo^nds)^ruBt Jo A4A«.. 3^3 3 ^^2 

Vm:2 »/c «2 < 657.3 ^.la) «ohi.v.d with mi«2- 

The hOa/CH. angina hyeU balance, lor thrw.^ 

(500 Ibf) had a thrust JreaaSre^r requirements of the 

methane critical pressure due ^J"i/^nnulted in the lowest allowable 
cycles The LO 2 /CH 4 tt^2^24 1 N (500 Ibf) thrust and a chamber pressure 

caolant Jl.charso Pf eontlgoratlan, th. nlnlnun coo ab a 
of 327 psia. Therefore, ^factor of 2 below the coolant critical 

chamber pressure Is approximately a factor oi 

pressure • 


direct expander cycle encountered 
transfer problem. Therefore, the 
coolant pressure drop (an orifice) 
and the turbine inlet to maintain 
approach, engine cycle balances 
level of 667.2 N (150 Ibf) f 
A total of 193.1 N/cm2 (280 psi) 


Below 2224.1 N (500 Ibf) thrust, the b02/CH4 
subcritical pressures and the 
lower thrust levels were evaluated by adding 
between the thrust chamber JJfa 

were successfully 5®10 Su). 

a chamber pressure of 75.8 N/ cm ( P 
was added for this condition. 

« « » j a. . fif thc! t UTbO^U 1 tCTtUit OT 

TurboflUSiag?ab. Cycle cycle engine balnnco 

oycle ™JS-e we. perfemed ”t Ae c.ecjrlc punp drive .ind the 

code. This option permlte were driven by the electric notor. which. 
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f>ROI»StLAf^T; LO^/CM^ 








Tha turboaXtornntor oxpnndpr cyelo limits for tO^/H2 and LO2/CH4 are prosented 
In Flpa. 69 nnd 70, As shown, tho added InoCllclonoios of tho alternator and 
tho oloctrlc motors rosnlcod in a lowor mnxlmuro chowbor prossnro than for tho 
direct expander cycle. Tho maximum cimrobor prossuro for tho h02/H2 onRtne wao 
:V«0 N/cm^ (A93 poin) nt 6672.4 N (1500 pounds) thrust. At thrust Tovols tibovo 
6672,4 N (1500 pounds) thrust It was necessary to oporato the turbine nt 
IncrenslnRly higher pressure ration to develop the required power. As a 
result, chamber pressure decreased. I’he maximum chomber pressure for the 
hOg/CII/^ enRlne was 355 N/cni2 (515 psla) at 13344.7 N (3000 pounds) thrust. The 
trend of decreasinR achievable chamber pressure ns thrust increased was not 
observed in the hOj/Oil^ turbOaltornator cycle. 

blmit^. In the O2/H2 fuel cell-powered onRino 
cyeUs tlu' Virmps weri^Tfrlven hy VhH'trlc. motors that were powered by tho fuel 
cell through electric converters. Convertors are used to change tho direct 
current obtained from the fuel cell to alternating current and to avoid tho 
speed matching requirement of tho fuel and oxidizer motors. 

In analyzing this engine cycle, tho thrust chamber porformaneo parameters for 
a given thrust level and chamber pressure are first calculated. Then the 
system pressure drops and tho pump discharge pressures are obtained. Based 
on the engine flowrates and the pump discharge pressures, the fuel pump and 
the oxidizer pump designs can be determined. Once the pump efficiencies and 
required horsepowers were calculated, the fuel cell output power was obtained 
assuming the efficiencies of the converter and the motors to bo 90 and 85%, 
respectively . 

To reduce the fuel cell weight, the performance calculation is conducted at 
or near the pump limiting speed through an optimization procedure. In the 
fuel cell system, the engine cycle balance program was written to minimize 
the cell weight. Since the O2/H2 fuel cell has Its own separate feed system 
that is different from the engine, theoretically if the cooling limit is not 
considered, the fuel cell-powered engine can perform at any desired chamber 
pressure for a given thrust level as shown on Figs. 69 and 70. The maximum 
study chamber pressure of 689.5 N/cm^ (1000 pslo) chamber pressure was 
obtained at thrust levels between 444.8 N (lOQ pounds) and 13345 N (3000 pounds) 
for both the LO2/H2 and LO2/CH4 engine systems. 

Tank-Mounted Pump Expander Cycle . In the analysis of expander cycle engine 
configuration utilizing tank-mounted pumps, the fluid line pressure drops due 
to the long line lengths added to the engine system. 

Based on NASA-LeRC propellant tankage conflguralon previously shown in Fig, 56, 
569 cm (224 inches) of line were added between fuel pump discharge to combustor 
coolant Jacket Inlet and between nozzle coolant jacket outlet to turbine inlet 
434.3 cm (1/1 inches) of hot-gas duct was added. The extra duct length added 
between oxidizer turbine and thrust chamber was 113.4 cm (47 inches). Also, 
a number of elbows and losses for Inlet and outlet pressure drop losses were 
included. 
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Ah shown in Pigs. 69 and 70, thia cyclo/conflgwratlon suffered some reduction in 
uiaxlmuro attainable chamber preaHuro when compared with that of the englno«>roounted 
expander cycle. The maximum chamber prosaure for the bOg/H^ engine waa A20 N/cm^ 
(610 pala) at 8896,4 N/cm^ (2000 pounda) thrust. Above the thruat level, the 
volumetric flow rate of the turbine drive gaa waa large enough to cauae aub- 
Htantlal proaaure drop in Che turbine food and return linea and reaulted in 
lower chamber preaaurea. The maximum ch.imbor preaaure for the ^02/004 engine 
waa 385 N/cm^ (558 pain) at the maximum atudy thruat level of 13345 N (3000 Ibf) . 
The trend of docroaaing achievable chamber proaauro above 8896.4 N/cm* 

(2000 pounda) thruat did not occur in the I.O2/CH4 engine beenuao of the Incroaaod 
denalty of the GH4 turbine drive gaa compared to the 82. 

Turb oal tornator Expander with Accuwwlntor Cycle bimita . The uae of purap- 
flUed’ feed tanka raccumulatoraT permita the dealgn of higher flow pumps and 
enablea Jilgher pump efficiencies . The pumps would be designed for n hlghor- 
than-noniinal engine flow. During the pumping oporntloft, the flow is divided 
between the engine and the accumulators. When the accumulators reach tholr 
e.'jpacity, the pump would bo shut off and the engine would bo supplied propel- 
lants from the accumulators. 

The engine cycle balance computer program option used to analyze this cycle is 
the same as the turboalternator expander cycle, except In the pump design routine, 
the pump flowrate is the sum of the thrust chamber flowrate and the accumulator 
flowrate. 

The analysis results indicated that the addition of the accumulators in the 
system did Improve the pump efficiency but the pump required horsepower 
Increased. The volumetric flowrate Increased faster than the efficiency 
resulting in a decrease in the maximum attainable chamber pressure. 

Figure 69 shows that the LO2/H2 engine achieved a maximum chamber pressure of 
310 N/cm2 (450 psla) at 4448.2 N (1000 pounds) thrust. Above this thrust level, 
there was a trend of decreasing chamber pressure similar to that experienced on 
the LO2/H2 turboalternator expander cycle engine. For the LO2/CHA engine 
(Fig. 70), maximum chamber pressure was 320 n/cm2 (464 pSia) at 13345 N 
(3000 pounds) thrust with a trend of Increasing chamber pressure with increasing 
thrust similar to the LO2/CH4 turboalternator expanded engine. 

Staged Combustion Cycle Limits . The direct-drive, staged-combustion cycle/ 
configuration engine balances were generated using the staged combustion analysis 
option of the engine balance computer program. The computer program generates 
an engine, combustor, and nozzle deslgfi at the highest attainable chamber 
pressure for a given thrust; engine and prehumer mixture ratio; nozzle 
expansion area ratio; and a given set of turbopump assembly parameter limits. 

Four turbopump parameters (fuel and oxidizer turbopump speeds and both turbine's 
pressure ratios) are used as Independent variables of an optimization routine 
that searches for the highest value of the chamber pressure. 
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Aa ahown Irt Fig. 69, the maKlmum chamber preaHuro for tho LO^/Hj engine was 
560 N/cro^ (8X2 pala) ot X3345 N (3000 pounds) thrust. Also, note that below 
4448.2 N (1000 pounds) thrust, the bOo/Hg staged combustion cycle power 
balaneed nt chamber pressuros below those achieved for the direct expander 
cycle, For the b02/CH(^ engine (Fig. 70), a maximum chamber pressure of 
355 N/um^ (513 pala) wos achieved at the miwlmum study thrust level of 13345 N 
(3000 Ibf). Note that the bOg/CH^ staged combustion cycle power balanced at 
chamber pressuros below the expander cycle over almost tho entire thrust range, 

F,xaminntlon of the detail cycle balance results verified thnt the Increased 

pump power required by tho LO^/CH^ staged combustion cycle could not be 

supplied nt the assumed turbine Inlet temperatii’"* of 1033K (1860R) without J 

increasing turbine pressure ratio to magnitudes ilch resulted In the chamber * 

pressures shown In Pig. 70. 

Clao GenerateF Oydn blmlts . Tho methodology for tho gna generator engine 
cycle was bnu¥u on optlmlxlng engine performance nt n chosen thrust and chamber , 

pressure. The engine cycle balance coroputor program first calculated thrust 
chamber performance parameters such as engine flowrate, thrust chamber flowrate, j 

engine specific impulse, and thrust chamber specific Impulse for a given tlmist 1 

level and chamber pressure. Tlte program then calculated the system pressure j 

drops and the pump discharge pressures. Based on the engine flowrates and the i 

pump discharge pressures, the fuel pump and the oxidizer pump designs were j 

determined. The turbine required horsepowers were then sot oq* “*1 to those of j 

the pumps. The gas generator design was based on a combustion temperature of j' 

1033K (1860r) , and Its mixture ratio and hence flowrate can then be calculated. j 

With this new gas generator flowrate, the thrust chamber performance parameters ;; 

were recalculated, and new engine delivered specific Impulse obtained. A | 

multl-dlmcnslonal optimization routine was then used to find the maximum j 

performance by changing four selected key Independent variables that Included 
the oxidizer and fuel pump rpm and oxidizer and fuel turbine pressure ratio. ii 

This optimization was performed within the constraints of the pump and turbine || 

design limits and consistent with the available turbine drive energy. ii 

i 

Design points for the gas generator cycle engines are shown In Table 9. Design } 

points were selected to provide maximum performance based on the performance i 

curves shown in Fig# 66# |] 
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, nrrtpi* to oytabliHh optimum chamber 

n ir-illel pro««urlzcnl tank pressure- led 

pnrsTuVelor the conventional payload trends us a 

enBitte systems, unulyses were con (.j,p pressure-fed eonflRura- 

functlon of chamber pressure. In r he’liellum) to expel liquid propellants 
tlons ntillxe a pressurunt to ^diamber pressure Is 

from the main tanks, The convent xtie parallel-pressurized 

obtained directly from the main 

feed tank engine mllU pro^tuaSt tanks that supply the chamber 

and alternately presQUtizt two, amaii^ P p 

prensute. 

propellant Is fed from a main tank Jo one of ^ 

then to the rocket engine. ® ? t exchanger. To draw propellants 

tanka through a pressure 1^ pressure by venting. Initial 

rn?a^'r;r tr^S; :rrail and the remainder Is 

dumped overboard through thrust produolng nozzles. 

Starting with a small tank H8te“irkrie^innd''descH^ 

pressure, the sequence of operations Is listed in 

follows: 

1. The ^lewl sSof La^the to^orihe slairtank. 

algnal from ^ after passing through a pressure 

‘’’^^'^^'inr.mrheit L^Lger. The preasnrant storage tank Is Immersed In 
S“eolder propellant to provide maximum density pressurunt. 
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TABLE 10 , VALVE SEQUENCE OPEBATIONS FOR PARALLEL SMALL TANK CONCEPT 


TanK 1 

Tank 2 

OPEN PRESSURIZATION 
OPEN ENGINE FEED 

CLOSE ENGINE FEED 
CLOSE PRESSURIZATION 
OPEN TANK VENT 


OPEN OVERBOARD VENT ■ 


OPEN FILL 


CLOSE OVERBOARD VENT 
CLOSE TANK VENT 
CLOSE FILL 

CLOSE ENGINE FEED 
CLOSE PRESSURIZATION 
OPEN TANK VENT 

OPEN PRESSURIZATION 
OPEN ENGINE FEED 

OPEN OVERBOARD VENT 


OPEN FILL 


CLOSE OVERBOARD VENT 
CLOSE TANK VENT 
CLOSE FILL 






2. f reaHurlaatlQH and nngln*^ fat'd valvaa are closed on a signal from the liquid 
lovol sensor in tho engine feed line. The same signal then opens the tank 
vent valve, Pressutant and propellant vapor flow to the main propellant 
tank until the prosauro lost by propellant withdrawal is regained. The 
latter condition is sensed hy a pressure transducer) which signals the over” 
hoard vent valve to open. 

The remainder nf the vented material Is reloanod through n rearward facing 
PonnJe to provide additional thrust. A check valve preventn any flow from 
the main tank. 

1. Another preiuuire controlled vnive nllows filling of the small tank, from the 
main tank, wlten Un pressure In below that in the main tank. The overbonrU 
v«mt valve would ho cloiu'd, by a signal from the liquid level nennor near 
the top oi the amall tank, when the tank has been fUlotl, The oamo signal 
will c luse closing of tljo tank vent valve and the III! valve. 

lo iMiHiirc a continuoua propellant feed during on engine burn, an override signal 
would he sent to open the engine food line valve on either anull tank when the 
other small tank feed lino valve la closed. This acts aa a safety factor above 
the margin allowed In line sizing and preasuro differoncea, Preaaure relief 
valves on the main tanka and downstream of the pressure regulator protect the. 
system from overpressure, 

The asaumptlcms of this analysis are presented In Table 11. To determine the 
delivered payload to a GEO orbit, the NASA-LeUC specified vehicle gross weight 
ol 27216 kg (6000 pounds) was used, A representative engine thrust of 4448.2 N 
(1000 Ibf) was selected for the comparative analysis with LO 2 /H 0 aa the 
propellant. The assumed velocity increment wjis 5410 m/sec (17750 ft/sec). 

lo simplify this comparative analysis, spherical propellant tanks were assumed 
and the pressurant bottle was assumed to be located within the hydrogen tank. 

The main tanks and pressurant bottle were composed of an aluminum liner with 
Kevlar overwrap. Titanium was used for the small tanks of the parallel- 
pressurized feed tank engine configuration. Minimum material thicknesses 
aelectcd for the aluminum tanks was 0.1524 cm (0.060 inch) and 0.0889 cm 
(0.035 inch) for titanium. The minimum Kevlar thickness was 0,03048 cm 
(0.012 Inch), which coincides to a single minimum strand wrap. A tank wall 
stress safety factor of 2 to 1 was assumed for this analysis. 

Payload trends between the engine configurations are shown In Pigs. 72 and 73. 
For the analysis results shown In Fig. 72, the helium pressurant temperature for 
all main tanks was assumed to be the stored hydrogen temperature of 37,8 R. As 
shown in Fig. 72, the parallel-pressurized feed tank configuration resulted 
In a 13Z higher payload than the conventional pressure- Fed engine due to 
reduction In tank and pressurant weight. The maximum payload for the engines 
was extremely sensitive to chamber pressure and Initially increased due to the 
Increase In specific Impulse, but as chamber pressure increased, the incfeaso In 
tank weights dominated and payload decreased. A comparison Was also made using 
heated helium at 530 R aa a pressurant (Fig. 73). Results showed an increase 
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11 , PRESSURE^FEO ENGINE ANALYSIS 




Ag§UMPT10NS 

VcMclo nroM WDiRl't ■ 

ennino PoUvorod SpPctfU IPPO'"® ’ 

BPBlno Weight • ftom Pig. 71 

tnglne Thrust . 4448.2 Neutons (1000 lb,) 

Hrr.pt>! lant Tanks ! 


2068.4 N/cm^ (3000 

’^®8toroge I initial 


|*^*^®8toroge^ 


Main tanE ullage volume fraction » 2 % 

Small tank ullage volume * 3% 

small tank aite = 20-8econd fill and 20.second drain time 
T„t.l S,ste. weight . 2*(t.uh weight . engine weight . .isc weight, 


NOTES: 

'• rngire%reS^l^i^”rirs"cS-“ "" 

nozzle contributions. 

fnr tank structure and plutnbinR Weights. 

2. * Factor accounts for tawc scru 
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CHAMBER PRESSURE, N/CM^ 


Figure 71. Pre88ure*'Fed LO 2 /H 2 Engine Weight 
(Thrust * 4448.2 N or 1000 Ibf) 
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CHAHBER PRESSURE, H/cw* 


KlBurc. 73. Relative Payload Capability - Haatad Proasorant 


(LO /H, at 4448.2 N or 1000 Ibf) 
*2i 2 


l„ .nd « ahiCt at f 

Z IXTSZ r-.rr"r»SLn’l. ..nuoa na aanlan poinaa 

In tho •nraluatlon ot condldatn onpino ayatoma. 

cycle anulyftOR were Huperlmptf^ i\nunred nnoctl'ic pptontlnl fot 

,L ,„„„Ulnp ™„a at t^uat 

tha vnrtoua anpinc tp„ ripuron. tba blplwat dallvarocl 

:l.urtapu;ar"or'and. J.f t„a anptna ayataw aacnra at the -aa«l»ua, atud, 
thruHt Icvt'J of 1 SiA!) N ('iOOO IbOa 

/ d tiy.y flip 1 -roll nowerod cycle achieved the highest specific 

For the LO 2 /H 2 engines, the fue,l-«Ui y direct expander cycle 

Impulse followed by ^ powered cycle achieved 

mounted pump expander cycle (Fig. /5) . 

The curve, a.ao aho» a <*-teaae In f /Jolrat™.'^^^ 

reduced along the power llmi kinetic and boundary layer losses rit the 

la duo to an lacronso “'^a^or c^^ LgiL, thla apocltlc 

low thrust levels. For the LO 2 /H 2 ^ (3qOo ibf) to 222A.1 N 

impulse decrease was ^ LOo/CHa over thla same thrust range. It can 

(500 Ibf) thrust and almost 3/, for LO2/C 4 000 line) limits the maximum 

also be observed ^bat engine JP thrust levels. This Is due 

achievable delivered the moderate required pump discharge 

Treruie^nd fh: ToJeflanf flt^tL. At extremely low thrusts, the thrust 

chamber cooling may limit the engine design. 


En gine Cycle/Conflpuratlon E valuation 


/ ...T..^ — 

In evaluating and comparing the included! 

parameters were compared at a selected thrust level. 

1 . "Design" chamber pressure 

2. Delivered specific impulse 

3. Engine length 

4 . Cooling margin 

5. Engine weight 

6 . Engine cyclc/conflguratlon complexity 

The dealpn ohamber presaure was baaed achievable chamber 

cyclc/conflguratlon. For J*'?/ ‘J^Sr Toasure reaultlnf; 

proasoro tor tho particular cycle uaa oaed. me „„ 

111 the niaxlnum delivered apeclfli J”P“_ * prcaoure-fed engine 

r;ir;"-aUonrtrcK" r-aanre achieving the maalmu. payload wau used. 


A- 


115 


delivered engine specific impulse, n sec/kg 
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FT(;URE 74 
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DELIVERED ENGINE SPECIFIC IMPULSE, LBp SEC/LBM 



DELIVERED ENGINE SPECIFIC IMPULSE. N SEC/KG 
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CHAMBER PRESSURE, N/CM^ 


FIGURE 75. LO^/CH^ REGENERATIVELY - COOLED PUMP-FED 

engine delivered specific impulse 

(COOLING AND CYCLE LIMITS SUPERIMPOSED) 


To determine a quantitative Indication of the complexity of each enpino cycle/ 
configuration, the number of componenta and the component's relative complexity 
for each engine wore determined aa shown In Table 12# Those individual component 
complexity factors were used in combination with the respective engine cycle 
schematic to detormlno the complexity of each engine cyclo/conf Iguratlon. 

In.s»necting the engine cycle/conf tgurntlons to be rocororoertded for the engine 
system preliminary design effort, a relative comparison was performed. Tlin 
four parameters selected for this relative compariaon weroj 

1. Doslgn chamber pressure 

2. Delivered specific impulse 

1. Rnglne weight 

i\. Rnglne complexity 

The engine length and the cooling margin wore not Included since the chamber 
pressure determines the engine length (fixed thrust) and since the thrust 
chamber cooling margin factors wore all loss than 1.0 (no cooling problems 
envisioned) . 

The value of each of these four parameters were transformed into normalized 
factors using as references the highest chamber pressure, the highest delivered 
specific Impulse, the lowest engine weight, and the lowest complexity rating. 
These normalized factors were weighted equally and summed to obtain a total 
engine cycle/configuration rating. A high total rating is desirable. 

LO ^/H^ Engine Cyclc/Conf Iguratlon . The engine cycle/configuration 
comparison of the nine candidates for the LO 2 /H 2 engine are shown in 
Table 13 for a thrust level of 4448,2 N (1000 Ibf). The fuel cell-powered 
cycle achieved the highest chamber pressure [689.5 N/cm2 (1000 psia)) and the 
highest specific Impulse (4631,6 N sec/kg (472.29 lbs sec/lbm)] but also was 
the heaviest engine (by at least an order of magnitude) and the most complex. 

As expected, the conventional pressure-fed engine configuration was the 
simplest cycle (lowest complexity rating), but also had the lowest design 
chamber pressure and the lowest specific impulse. 

These p.irameters are presented In a composite bar graph in Fig. 76 , The 
configuration variations of the direct expander cycle resulted in loWer design 
chamber pressures (lower specific Impulses) and the additional components 
required increased engine weight. The parallel pressurized feed tank conflg- 
uatlon achieved a higher specific Impulse (higher chamber pressure for maximum 
payload weight) and a lower engine weight than the conventional pressure fed 
but a significantly more complex engine. 


The rol.itlve engine cycle/configuration comparison for the 4448.2 N (1000 Ibf) 
thrust L0„/H2 engine is presented In Table 14. These results indicated that 
the direct expander cycle/configuration achieved the highest total rating. 

The expander cycle achieved the second highest specific Impulse factor, the 
third highest engine weight factor, the fourth highest chamber pressure fac- 
tor, and the second highest complexity factor to result In the highest total 

rat ing . 
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TABLE 12. INDIVIDUAL COMPONENT CaWPLEXITY 


component 


1. Injector - regular 


Hj 

CH> 


(Coox) 

(Coax) 


RP-1 (Doublet) 


4. Chamber - Filw cool 
(Single inj. ring) 


8. Prebumer 


9. Ignition >ystem-main inj 

10. IgBttlon .y.te.-GG or P »bun.er 
n. Tank Pressuritation 


HEX 


COMPLEXITY 


.6 

.6 

.S 




.3 


i 

! 
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TABLE 12 . (Continued) 


COMPONENT 

Turbine - Self contained 

- Integral with pump 

fioarbox nozalo oxtcntlon 

Main fuel pump- centrifugal 


Main fuel pump -positive disp, H, 

ai. 


COMPLEXITY 


Fuel boost pump 


Main oxid. pump- centrifugal 

Oxid. boost pump 
Alternator 
Electric motor 


Power conditioner/controller 

Fuel cell system 

Additional H2 feed system for 
fuel cell system (use with CH4 
or RP-1 eng.) 


Fuel parallel press, tanks H- 
Assume: NO positive expulsion^ CH. 

Devices required Rp?l 

Oxid. parallel press, tanks 


Valve-Relief 


Accumulator - ©2, Mj or CH^ 


TABliE 12 . (Concluded) 


- 

2<». Vnlv«> - control/on-nff rioctrlc motor I 

or .... 

pnminint Ic 



Vnlvo - solonoiil 



,2 



Vnlvo - check 



.1 


. 19 , 

Valiive - prcHsiire rep,. 



.3 





Short ling. 

Mount 

l.ong Tank Mount 

.M). 

Main Duct - rip, id 

II. 

.V 


.3 



CII 4 

.1 


.3 



RP-1 

.1 


.3 



"2 

.1 


..3 



Hot gas 

.2 



31. 

Main duct - pirohaled 

"2 

.3 


.5 



CII 4 

.3 


.5 



RP-1 

.3 


.5 



^2 

.3 


.5 



Hot gas 

.4 


.8 

32. 

.Small duct - gi mb a led 



.1 


33. 

Power transmission circuit 



.1 


34. 

TYC System 



2.8 



Engine controller U. 2 x(,(l functions) 
and instrumentation 3 function 

1.6 

and wiring harnesses 5 

2.0 

function=any component 10 

3.0 

that requires A 15 

4.0 

control Input 20 

5.0 

Valve 25 

6.0 

Ignition Igniter 30 

7,0 

Motor controller 
TVe actuators 
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TABLE 14 . LO-ZH- ESGK;E CYCLE /COSFIGGRAJIOX RATIS5 

C(HPARISOK AT 4449.2 KEKTOKS (1000 lb.) THELST 



TOTAUflAI 
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TABLE 15 . LO 2 /H 2 ENGINE CYCLE /CONFIGURATION COMPARISON 
AT 222A.1 NEWTONS (500 lb . ,^^51 



FIXIONOZZLEI 




































































lABlE 16 . LO,/B, raOISE CYCLE /COSFIGCBATIOS 5ATISG 

COMPmSON AT 2224.1 BEOTOKS (500 Ibj) THBESl 
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TABLE 17 . LO^/KYDROCARBON ENGINE CYCXE/COKETGCRATIOS COMPARISON 
AT 4448.2 NEWTONS (1000 Ib^) THRUST 
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Figure 77 . LO 2 /Hydrocarbon Engine Cycle /Configuration 

Comparison at 4448.2 Newtons (1000 Ib^) Thrust 




TABLE 18 . LO 2 /HYDROCABBON ENGINE CYCLE /CONFIGURAIION RAXING 

COMPARISON AT 4448.2 NFWTONS (1000 IbJ THRUST 


































































The engine cycle/ configuration comparleone previounly presented and the perfor~ 
mance variation with thrust were reviewed by NASA-LcRC personnel and the two 
recoimnended engine cycle/conflgruntlons were approved for preliminary design. 

A design thrust ef 2224.1 N (500 Ibf) was selected by NASA-ieRC for the two 
engines . 

enginr systrm preliminary design 

The approach taken In the preliminary design of the 2224.1 N (500 Ibf) thrust 
LO 2 /H 2 and LO 2 /CH 4 engines was first to define engine systems which would operate 
at maximum chamber pressure within the design constraints of the engine system 
components. This was accomplished through Iterations of cycle balances and 
engine component preliminary designs, initial balances were used to establish 
component operating roquircanonts . Component preliminary designs (e.g. pumps, 
turbines, thrust chamber) were generated for these requirements and their perfor- 
mance ch.iracterlstlcs were defined. This Information was then used In the cycle 
balance with iterations performed until die cycle balance output matched the 
performance characteristics of the component preliminary designs. Final engine 
cycle balances Were performed at the nominal design condition and the +10% 
mixture ratio off-deslgn conditions. The balances determined the delivered 
engine specific Impulse, the cPnditlons of each major component, and the 
required turbine bypass flows. 

Layout drawings and/or sketches showing principle dimensions of the major 
components were prepared. An engine layout drawing was prepared for each 
engine incorporating a retractable nozzle extension to minimize engine 
length. Mass properties of the engines, ‘onslstlng of engine weight breakdown, 
glmballed moments of Inertia and center of gravity location, were determined. 
Using updated thrust chamber heat transfer data, parametric engine performance 
(delivered specific impulse) and engine dimension (engine length and diameter) 
data were gathered over a range of thrust, chamber pressure, and area ratio. 

In addition, parametric engine weights were generated over this same parameter 
range. 

Guidelines and Assumptions 

The major guidelines utilized In the preliminary design effort were the same as 
those previously presented in Table 2 (Thrust Chamber), Table 7 (Pump Stages), 
and Table 8 (Turbine Stages). 

Since the pump and turbine efficiencies directly influence the achievable 
design chamber pressure for an expander cycle engine, the number of pump and 
turbine stages which had been utilized In the conceptual design effort was 
re-evaluated in an attempt to maximize chamber pressure for the preliminary 
designs. Results of the study indicated that an Increase in the number of pump 
stages (one to two for the oxygen pumps and three to four for the hydrogen 
and methane pumps) resulted in a 15% improvement in oxygen pump efficiency and 
a 4% Improvonent in the hydrogen and methane pump efficiencies. Since no 
.aecbanlcal or hydrodynamic design problems were foreseen with an inerdade In 
tlic number of stages, two-stage oxygen pumps and four-stage fuel pumps were 
selected for the preliminary design configurations. 
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A similar study which compared two-stage, partial-admission fuel turbines with 
the single-stage partial-admission turbines utilized In the conceptual designs 
resulted In a 2% efficiency Increase. However, due to the lack of previous 
experience with two-stage partial-admission turbines, the predicted Increase 
was somewhat questionable and the single-stage configurations were retained. 

Engine System Deslj^ n 

1^2 P-xpandor Cycle Engine , 

Design Point Operating Charnctorlatlc s. Porformance and operating charac- 
teristics of the LO2/H2 engine system at the nominal design point of 2224.1 N 
(500 pounds) thrust and a mixture ratio of 4.0 are summarlzcd»ln Table 19 and 
Fig. 80, The achieved design chamber pressure was 328.9 N/cia^ (477 psla) for 
the nominal mixture ratio of 6. The delivered specific impulse was 4564.5 N- 
suc,/kg (465.45 Ibf-sec/lbm) for the 400-to-l area ratio nozzle. The breakdown 
of the thrust chamber performance losses for this engine is presented In 
Pig. 81 obtained using simplified JANNAP methodology. The heat loss term Is 
Included In the one-dlmenslonal equilibrium (ODE) specific impulse. The major 
performance losses were associated with the reaction kinetic loss (2.3%) and 
the boundary layer loss (3.3%). 

Off-Design Operating Characteristics . Off-deslgn operating characteristics 
for the LO2/H2 engine system and components at 2224.1 N (500 pounds) thrust 
and mixture ratios of 5,4 and 6.6 are given in Appendix C. 

Engine Operation and Control . Control valves for the LO2/H7 engine are 
identified In the schematic presented in Fig. 80. Six primary engine control 
valves are provided. Three of these valves are modulated while the other three 
are on-off valves. The inlet oxidizer valve (lOV, Valve Number 2) and the 
inlet fuel valve (IFV, Valve Number 1) provide propellant isolation functions 
by isolating the engine system from the propellant feed system between firings. 
Propellant leakage at the pump seals determined the location of these valves 
just upstream of the pumps. The main oxidizer valve (MOV, Valve Number 4) and 
the main fuel valve (MFV, Valve Number 3) provide engine start and shutdown 
functions. The main oxidizer valve (MOV, Valve Number 4) and the turbine bypass 
valve (TBV, Valve Number 5) provide mixture ratio and thrust control. The 
oxidizer turbine bypass valve (OTBV, Valve Number 6) extends the mixture ratio 
control of the MOV at off-deslgn thrust and mixture ratio conditions. These 
three valves (MOV, TBV, OTVB) are modualted valves. 

Engine Layout . The component arrangement for the LO2/H2 engine Is 
shown In Fig. 82. The overall engine length was 91.9 cm (36.19 inches), and 
the retracted engine length was 56.2 (22.13 Inches). The engine diameter 
(nozzle exit) was 42.29 cm (16.65 inches) and with the +7 degree glmballng 
requirement, the gimbal envelope diameter was 63.86 cm (25.14 Inches). 

As shown In Fig. 82, the turbopumps were trunnion mounted to the Injector Flange 
with a pivoting link located on the combustor outer wall to stabilize and allow 
some relative movement between the pump housing and the thrust chamber. 
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Entwine Mnas Proporttea . Uaing thr* onglnc component drnwlngfl and the engine 
dofilgn drawing, the engine weight of the LO 2 /H 2 engine wan 28.1 kg (62 poundn). 

An engine weight breakdown Cor thla engine la prcnonted In Table 20, Tho major 
weight contributors were the fixed nor.xlo, ox1dt?:or turbopumpi and the extendible 
noxiile, Tho engine center of gravity wan determined to bo 25,2 cm (9,92 tnchen) 
from the glrobal point with the noazlo extcded (Table 21), The component package 
arrangement clone to the glmbal renulted In a fon^ard center of gr.wlty and 
mlnimlp-ed tho glmbaled mann. The center of gravity moved approximately 5 cm 
(2 Inchon) eloner to tho global point with the nopixle oxtennion retracted, 

In addition, the moment of inertl/i of tho t'liglne /ihont the throe axes wan 
determined an nhown In Table 21, 


TABLE 19. ENHINK PERFORMANCE CHARACTERISTICS 

DESICN POINT, 0/P -- 6.0 


Thrust, N, (Ibf) 

222^.1 1 

500 

Chamber Pressure, N/cm (psta) 

328.9 1 

k77 

Engine Mixture Ratio, O/P 

6.0 


Area Ratio 

kOO 


ODE Specific Impulse, N-sec/kg (Ibf-sec/Ibm) 

m 2 ,? 

k97.9 

ODE Characteristic Velocity, M/sec (ft/sec) 

233 k. 2 

7658 

Specific Impulse Energy Release Efficiency, fraction 

.9950 


Specific Impulse Reaction Kinetic Efficiency, Fraction 

• 977k 


Specific Impulse Divergence Efficiency, Fraction 

.9957 


Specific Impulse Non-Boundary Layer Heat Loss 
Efficiency, Fraction (1) 

.9912 

1 


Specific Impulse Boundary Layer Efficiency, Fraction 

.9666 


Delivered Specific Impulse N-sec/kg (Ibf-sec/lbm) 

k565.0 1 

k65.5 

h) Non-Boundary Lbyer Heat Loss 
1 Included In ODE Specific Impulse 






ODE (498u86 LBF-SEC/LBM) 



f mm pump nuT^pr 



i 


I^UlQVr FRAMB 
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TABLE 20. L02^**2 PROPERTIES 


LOg/Hg 

THRUST; 2224.1 N (500 Ibf) 

Pc! 328.9 N/cm^ (477 ps la) 
MR: 6-TO-l 
AREA RATIO: 400 


WEIGHT, 

WEIGHT, 

ITEM 

kg 

POUNDS 

GIMBAL BEARING 

0.20 

0.45 

INJECTOR 

0.45 

1.00 

MAIN COMBUSTOR 

2.59 

5.70 

FIXED NOZZLE 

5.07 

11.17 

EXTENDIBLE NOZZLE (t-0.018 IN.) 

4.00 

8.82 

EXTENDIBLE MECHANISM 

2.35 

5.17 

Hg TURBOPUMP 

2.72 

6.00 

LOg TURBOPUMP 

4.99 

11.00 

MAIN FUEL VALVE 

0.68 

1.50 

MAIN OXIDIZER VALVE 

0.54 

1.20 

BYPASS VALVES 

1.36 


PROPELLANT DUCTS 

1.24 

2.73 

TURBINE EXHAUST COLLECTORS 

0.34 

0.76 

CONTROLS (EST) 

0.91 

2.00 

IGNITER AND EXCITERS 

1.02 

2.25 

TOTAL WEIGHT 

28.46 

62.75 


PRECEDING PAGE 


®“nk not niMrr, 
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■n„, ,.,„.,l„o ooutor of ...ravity Iroada aad tho ..-on,,, of laort.a of tho U.j/OHj 
o„,,,.,o »..„hl ho almllar to Ihoao of tho U>2/ll2 o„r1„o. 
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TAHI.K n. F.NG1NI', PKRFOUMANOR CllARACTF.RtRTICS 

DF.STGN POINT, 0/F - U7 


Thrust, N, (Ibf) | 

Chamber Pressure, N/cm^ (psia) 

Engine Mixture Ratio, 0/F 
Area Ratio 

ODE Specific Impulse, N-sec/kg (Ibf-sec/lbm) 

ODE Characteristic Velocity, M/soc (ft/soc) 

Specific Impulse Energy Releav^e Efficiency, Fraction 
Specific Impulse Reaction Kinetic Efficiency, Fraction 
Specific Impulse Divergence Efficiency, Fraction 

Specific Impulse Non-Boundary Layer Heat Loss 
Efficiency, Fraction (1) 

Specific Impulse Boundary Layer Efficiency, Fraction 
Delivered Specific Impulse N-sec/kg (Ibf-see/lbm) 


^1) Non-Boundary Layer Heat Loss 
Included In ODE Specific Impulse 


A 





TABLE 23. LOj/CH^ ENGINE MASS PROPERTIES 


LOg/CH^ 

THRUST: 2224.1 N (500 Ibf) 

Pfc; 307.5 N/cm^ (446 psia) 
MR: 3.7-TO-l 

AREA RATIO: 400 


ITEM 

WEIGHT. 

WEIGHT, 




POUNDS 

GIMBAL BEARING 

0.20 

0.45 

INJECTOR 

0.58 

1.28 

MAIN COMBUSTOR 

2.11 

4.65 

FIXED NOZZLE 

5.17 

11,39 

EXTENDIBLE NOZZLE (t=0.018 IN.) 

4.08 

9.00 

EXTENDIBLE MECHANISM 

2.35 

5.17 

CH^ TURBO PUMP 

2.27 

5.00 

LO 2 TURBOPUMP 

3.18 

7.00 

MAIN FUEL VALVE 

0.68 

1.50 

MAIN OXIDIZER VALVE 

0.54 

1.20 

BYPASS VALVES 

1.36 

3.00 

PROPELLANT DUCTS 

1.10 

2.43 

TURBINE EXHAUST COLLECTORS 

0.25 

0.55- 

CONTROLS 

0,91 

2.00 

IGNITER AND EXCITER 

1.02 

2.25 

TOTAL WEIGHT 

25.80 

56.87 






ODE <409.68 LBF-SEC/LBMI 



Figure 84 . Perfosmaiice Lose Breakdoim for 2224. IH C5Q0 
Thrust, L02/CH^ Expander Cycle Engine 
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Figure 85. 2224.1 M (500 Ibf) 

102 /CH^ Expander Cycle Engine 





Com ponent ySubaHHfirok ^yJP-Q-^^^ 


I :nm p on tm u / p um , u„ 

ThlH nubs«ctlM doacrfboa °"iSm 

™lcnl dimlgna of tbo »nJor '-“z'' J (g.g. two-dtaga oxjdlaot 

utlU?.o tho same bnfllt^ typo exception of the thruHt chambers, basic 

pu„,p. four-stap,e fuel pump). With the oxcep 

materia) s are also the same. 

n ►!,« ook 1 *N iSOO Ibf) thrust b02/H2 ohRine * 

tliorpii)r<' t roinlHiRtt)r lUamlt hiiTh (.'umbuRtlun cffltjianry • 

•I'lUii Im riuihial lonp.th aolected for tho hO^/ll? engine 

has approximately a 7.hy. cm < section. The cylindrlcnl 

gentle ( ‘'.h) decree '”'‘^^"'1™ ”![ . ‘‘nixinp, and oombuotlon roRlon and the p,cnt n 

»r^on o„ u.b.^ 

The complete ttirust chamber the injector face 

and n oortractlon ratio ^.4 w ^ ^ ensure an adequate coolant heat 

chamber geometry data to 13.9? cm (5.5 

Input, tlie combustion ..ontour similar to that defined for the LO 2 /H 2 

A gradual convergence engine. The throat diameter was 2.16 cm 

ri^rS)'r"brLr».“^-q* 

zz.\ “r„rsrr:b»Lr:drrd:c co„.o„.d co. .b. «.,/ch, 

Bluwn In Figs. 88 and 89. 


PhlCCDlNG TAQi: Rl mK NC't^ FILWlfr; 
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axial distance from throat, cm 





H3 'gaNVisia iviov^i 






rnni/int Paflsaao Design. Using the series coolant circuit previously 
donc tSyy St cooUnt pMsase doslRP W.B doteralMd using tbs 

rlco'rniuo for tho untondlblo nonsle. A mdlntlon-c-ool«d nosslc ostonslon »ns 
uttAc-bod At un ntuA rntio of 200-to-l Cot both on, •, Inns. 

Ul,/H, Tb rust CbAKbor , Tbn tosultlns NA»loy-Z ubsnnul wbU t™buntor 

ouAlAnt p„MnRb^,to;ir.n tur tbo bOj/Hj cnjlno *"Stf ’ 

design ctmslsted of 39 channels with minimum channel dimensions ol, 


Channel Width: 
Channel Depth: 
Channel hand: 
Wall Thickness: 


0.0762 cm (0.03 In) 
0.0813 cm (0.032 in) 
0.0836 cm (0.0329 In) 
0.0635 cm (0.025 In) 


The miximum channel depth-to-wldth ratio was 3.5 which la lower than the limit 
™ iTlrin S hunt transfsr Annlysle. l« £ntt. nil tbs nininu* obunnsl 
dimensions are within current fabrication limits. 

The. resulting two-dimensional wall temperatures «re presented 

maximum gas-side wall (T„g) . the coolant-side wall <Twc> * ?hrmLlmuro 

(Tu ,). and the coolant Sulk (Tbuiu) temperatures are presented. The maximum 

Ls-slde wall temperature was 750. (891 F) located „ 

a inch) upstream of the geometric throat. This value Is lower than the 

(1000 F) durability limit previoulsy set. 

ns "B^^::srw:s%:b°:s“r 

ipput o£ S nclXg «U Mni£0Xd lossSB. ns minl»u» 

Sd“'”£2t; £sc™/w!; /aid cycls U£s asepion occurssd usar 

l\w. throat but exceeded 2000 cycles times a safety factor of four. 

The coolant tube design of the two— pass stainless tube nozzle to 

nf onn-to-1 is shown in Fig. 92. A constant tube wall thickness of 
0 0245 cm*^(0 01 inch) was used. To minimize weight a round tube design was 
‘ns ri^iltlug dsalgn conata.sd o£ A80 tubsa (240 up and 240 do«0 
with the outside diameter variation shown in Fig. 

ns »axl»un fixed poaals »all ts.p.rature w.a 778 K (W « • 

temperature distributions are presented in Fig. 93. The . 

dlrsstion of coolaup flu». Maxlmu. a^tf S/™? 

4nniii’ fr«nn the fixed nozzle was 170.8 KW ilol.v Biu/sec^ wiuu a ' 

(9 7 psl) coolant pressure drop. The minimum yield safety factor exceeded four 
ii: a ijcls Hfi eLsdlug 700 uyelsa tl,»a a aafsty (actor of four vaa 
achieved. 


AXIAL DISTANCE FROM THROAT. INCHES 



[•] 


Combustor Coolant Channel Dimensions 











AXIAL DISTANCE FSON THROAT, iSCtiES 


HON I 'NOISN3HIQ aaiU 



H3 *NOISN3Mia 3flni 
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AXIAL U I STANCE FROM THROAT » INCHES 





Wo/CHi Th rwt ChMbut . TUo »oolm.t 

=r.r^n; 


Channel Width: 
Channel Depth: 
Channel Land: 
Wall Thlcknenn: 


0,0889 cm (0.035 Inch) 
0,1143 cm (0.045 Inch) 
0.0796 cm (0.0313 Inch) 
0.0711 cm (0.028 Inch) 


A„ tor tl,o I«2/H2 ro,ku„tor. the -h.mnel dt»onMo„„ of the co«b„.ter nrc 

all within current fabrication llmlta. 

The twu.d,.™«.on„l »"C tenperaterc dldtrthuH^^^ ‘"^a^of^Carortri^er 

„l„«« In Fi«. M. A T;'' "LnerMurr A .-.noUnt hent^ 

’? srj s: Sa" i « 1:1^^ :?o«,urc drop ». «3.8 »/« 

riSKh"»?r;c.ruid. Ad ™,r thi L02/I.2 ro^hudtdr. the dtrnctural and oycUc 
life far exceed the specified renulrcraents. 

The fixed nozzle coolant tube design „^®nozzle wall temperature 

700 round stainless steel tubes were used. J^e coolant-side 

was 979 K (1302 F) as shwn in ^ ^ ^ ^2 F) less than the methane 

:srr;;i!t“;::p”ra^n^i! 

S’,:; nai!l"’no'raTd'coriaI;?^LBt In?nJ »«. 113,4 KM (106.5 BTO/acc) and a oonlnnt 
pressure drop of 21.4 N/cm2 (31 psl) was obtained. 

Hnchi»lHiJ>S^ ■'5* ch™n5 -U u5ef.‘.Uh‘«U..“ro. 

slnilnr In construction and ° . ,^3 LO./H, liner la SAKloy-Z 

deposited (ED) nickel MaterlalJorJh^^^|( 2 n^^ifolds are 

copper alloy. Material for th it 4 liner and closeoust welded. A 

machined from stainless steel to strengthen the chamber throat 

cyllndrlcnl Eh eo„^^ ""PpIp 

«nUolJ7ofnt”“uL ho wsldad 
chamber was completed and would result in a weight saving. 

The fixed nozzle was a conventional tubular brazed nozzle^ radiation- 

ynsd coolant ^r “tSf f SS nosOrroolant InUt and 

cooled nozzle extension, design of the^xea noz^^^ 200-to-l 


axial distamce from throat, inches 






DISTANCE FROM THROAT, INCHES 



^ustor 





AXIAL 0;STANCE FkOM TIRCAT. INCHES 



AXIAL DISTANCE FROM TOROAT 








AXIAL DISTANCE FBOM THROAT, INCHES 



Fixed Sozzie Tenperature KistributioDS 











oxtroniP end of the nozzle oxtonnlon's travel provides a shutofF for tho motor 
drive. A worm gear and flexible shafts to the three ball screws complete tho 
nosxir extending mechanism Provisions for tho glmhnl actuators wore provided 
by Incorporating two clevis attachments to the structure housing tho hall screw 
mecbaniHra for the extendible nozzle. 

i:i( <men t lieslg n . Based on the propellants ;ind the engine design conditions, 
the coma'iitrlc p|i*ment injector wan selected for both engines. The pertinent 
p/iramelern for the t ai Injecter designs are presented In Table 24. Both Injec- 
tors consisted of IH elements with 12 elements in tiie outer ring and b in the 
Inner ring. 

TIu' Injector remiUed in an expanded liydrogen velocity of 484 m/soc 

(I'lHu it/iu'c) and an (txygen vi’loclty of 16 m/soc (‘>3 ft/soc). An oxidizer 
ptml rocesn ol 0,1016 cm (0.04 inch) was selected. 

The higher oxygen flowrate of the U) 2 /Cll 4 injector required a slightly larger 
oxidizer post diameter. The expanded metiume velocity was 263 ra/sec (862 ft/nec) 
and the exygi>n velocity was 13 m/sec. (43 ft/soc). Ihie to the larger oxidizer 
post tHainetor, the post recess of the U) 2 /CH(^ Injector was Increased to 0.152 cm 
(0.06 Inch). 

Mechanical neaijjti. The preliminary Injector designs lor the. I.O 2 /II 2 
102/0114 engines are presented in Klg. 98. The Injectors contain 18 concentric 
tube elements previously described. Tho fuel manifold Is formed by the Injector 
Face and a back plate. Due to the lower heat fluxes at the low-thrust engine 
conditions, the Injector face would employ conductlon/regeneratlve cooling. 

A high thermal eonductivlty material such as a copper alloy could bo used as tho 
Injector lace plate. This plate would be cooled by the fuel flowing through the 
f.iee plate and the fuel flowing In the manifold. The body would be fabricated 
flora .stainless steel with a copper alloy Injector face. 

Tlie fuel enters each element through a series of holes or slots in each fuel 
sleeve. The oxidizer manifold is behind the fuel manifold, and the oxygen Is 
fed through tho individual element tubes. 

One approach to an ignitor design la shown in Fig. 98. Two Igniters are 
installed 90 degrees to the thrust chamber centerline, and the ignitor gas 
flows Into the combustion chamber through a center tube. Although this 
approach has been used in the past on larger chambers, this system will require 
further evaluation for this low-thrust application. 

Turboma chlnory D e sign . The hydrogen and methane turbopumps for the LO 2 /H 2 and 
LO 2 /CII 4 engines are similar in construction and consist of four partial-emission 
centrifugal pump stages with an inducer preceding the first-stage Impeller; power 
is supplied by a partial-admission, single-stage axial-flow turbine. The 
mecluuilcal arrangement and overall dimensions of the fuel turbopumps are shown 
In Fig. 99. 


TABLE 24. i,QW THRUST ENGINE INJECTOR SUMMARY 


THRUST: 2224.1 N (500 Ibf) 

LOg/Hg 


CHAMBER PRESSURE, H/an^ (ps1a) 
MIXTURE RATIO 

328.9 (477) 
6 

307.5 (446) 
3.7 

ELEMENT TYPE 
NUMBER OF ELEMENTS 

CONCENTRIC 

18 

CONCENTRIC 

18 

OXIDIZER: 



"POST" INSIDE DIAMETER, cm (IN.) 
"POST" OUTSIDE DIAMETER, cm IN.) 
METERIN0 ORIFICE DIAMETER, cm (IN.) 
L0;> FLOWRATE, kg/s 0 c (Ib/soe) 

EXIT VELOCITY, in/SQc (ft/sec) 
PRESSURE DROP, N/cm^ (psi) 

0.127 (O.QB) 
0.1778 (0.07) 
0.0864 (0.034) 
0.419 (0.923) 
16.2 (S3 
51.0 (74) 

0.1524 (0.06) 
0.2032 0.08) 
0.0914 0.036) 
0.4944 (1.09) 
13.1 (43) 

49.6 (72) 

FUEL: 



CUP OUTSIDE DIAMETER. , cm (IN.) 
CuP GAP. cm (IN.) 

FUEL FLOWRATE, kg/sec (Ib/sec) 

GAP VELOCITY, m/sec (ft/sec) 
EXPANDED VELOCITY, m/sec (ft/?ec) 
PRESSURE DROP, N/cm2 (psia) 

0.2921 (0.115) 
0.0572 0.0225) 
0.0699 (0.154) 
615.7 (2020) 
484.3 (l589j 
49.6 (72) 

0.2794 (0.110) 
0.0381 0.015 
0.1338 (0.295) 
385.9 (1266) 
262.7 862) 
68.95 (lOO) 

ELEMENT: 



RECESS, cm (IN.) 
EXPANDED VELOCITY RATIO 

0.1016 (0.04) 
30 

0.1524 (0.06) 
20 
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The oxygen turbopumpa for the LO2/H2 end LO2/CH4 cnginea are alao aimllar in 
construction and consist of two partial -emission centrifugal pump stages with an 
Inducer preceding the first stage Impeller} power Is supplied by a partial- 
admission » single-stage axial-flow turbine similar to the fuel pump drive 
turbines. The mechanical arrangement and overall dimensions of the oxidizer 
turbopumps are shown In Fig. 100. 

Design Point Operating Characteristics . 

Hydrogen Tur,bopump - LO 9/H0 Engine . Major design point hydrodynamlc 
and aerodynamic parameters for the hydrogen pump and drive turbine are given in 
Tables 25 and 26. At the design speed of 12553 rad/sec (119870 rpm) , the pump 
develops a head rise of 10921 M (35830 ft) with a delivered hydrogen flow rate 
of .000984 M^/aoc (15.59 ftpm) and an efficiency of 37.9 percent. The turbine 
provides the required power of 19.67 Kw (26.38 HP) using .0628 kg/sec (.138 Ib/sec) 
at an Inlet temperature and pressure of 558 K (1005 R) and 581 N/cm^ (843 psla) 
respectively and a pressure ratio of 1.31. A turbine efficiency of 51.1 percent 
Is predicted. 

Oxygen Turbopump - LO 2/H9 Engine . Major design point hydrodynamic 
parameters for the oxygen pump and drive turbine are given in Tables 27 and 28. 

At the design speed of 2512 rad/sec (23990 rpm), the pump develops a head rise 
of 424 M (1392 ft) with an oxygen delivered flowrate of .000366 M^/sec (5.80 gpm) 
and an efficiency of 28.2 percent. The turbine provides the required power of 
6.16 Kw (8.26 HP) using .0608 kg/sec (.134 Ib/sec) of hydrogen gas as the working 
fluid at an Inlet temperature and pressure of 537 K (967 R) and 443 N/cm2 
(643 psla) respectively, and a pressure ratio of 1.16. A turbine efficiency of 
30.7 percent is predicted. 

Methane Turbopump - LO 9/CH/, Engine . Major design point hydrodynamic 
and aerodynamic parameters for the methane pump and drive turbine are given in 
Tables 29 and 30. At the design speed of 4899 rad/sec (56330 rpm) the pump 
develops a head rise of 194 M (8358 ft) with a methane delivered flowrate of 
.000315 M^/sec (4.0 gpm) and an efficiency of 34.9 percent. The turbine provides 
the required power of 7.27 KW (9.75 HP) using .120 kg/sec (.265 Ib/sec) of 
methane gas as the working fluid at an inlet temperature and pressure of 930 K 
(1674 R) and 567 N/cm2 (823 psla) respectively and a pressure ratio of 1.35. 

A turbine efficiency of 42.5 percent is predicted. 

Oxygen Turbopump - L0 ?/CH4 Engine . Major design point hydrodynamic 
and aerodynamic parameters for the oxygen pump and drive turbine are given in 
Tables 31 and 32. At the design speed of 3458 rad/sec (33000 rpm) the pump 
develops a head rise of 396 M (1299 ft) with an oxygen delivered flowrate of 
.000433 M^/sec (6.86 gpm) and an efficiency of 49.5 percent. The turbine 
provides the required power fo 3.87 Kw (5.19 HP) using .108 kg/sec (.238 Ib/sec) 
of methane gas as the working fluid at an inlet temperature and pressure of 
916 K (1648 R) and 419 N/cm^ (608 psla) respectively, and a a pressure ratio 
of 1.17. A turbine efficiency of 50 percent is predicted. 
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Figure 100 . Oxygen Turbopump Design 



Type 

INDUCER + h CENT, 

Speed, red/sec (rpm) 

U553 

1 19870 

Flowrate, M^/sec (gpm) 

.00098<i 

15.59 

NPSH, M (ft) 

<>.57 

15.0 

inducer HeadrUe, M (ft) 

66,5 

218 

Stage Headrise, M (ft) 

2652.7 

8703 

Overall Headrise^ H (ft) 

10921 

35830 

Suction Specific Speed, rpm-gpm*^/ft’^^ 

m 

62100 

Stage Specific Speed, rpm-gpm* 

Ml 

525 

Power, Kw (HP) 

19.67 

26.38 

Overall Efficiency, % 


37.9 

inducer Inlet Tip Diameter, cm (In) 

1.288 

.507 

Impeller Inlet Tip Diameter, cm (In) 

1.288 

.507 

Impeller Discharge Tip Diameter, cm (In) 

3.658 

I.<tA0 

Impeller Discharge Tip Width, cm (In) 

0.130 

.051 

Emission, 1 
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TABLE 26. TURBINE DESIGN- POINT HYDRdGEN 


TURBOPUMP - LO 2 /H 2 ENGINE 


Type 


Working Fluid 


GAS 

Speed, rad/sec (rpm) 

12553 

119870 

Flowrage, Kg/sec (Ib/sec) 

.0628 

.138 

Total Inlet Temperature, K (R) 

558 

1005 

Total Inlet Pressure, N/cm^ (psla) 

581 

843 

total Exit Pressure, N/cm^ (psla) 

463 

643 

Pressure Ratio (total/total) 


1.31 

Power. Kw (HP) 

19.67 

26.38 

Efficiency (total/total) % 


51.1 

Mean Diameter, cm (In) 

5.97 

2.35 

Blade Height, cm (in) 

.76 

.30 

Admission, % 


7.4 

Velocity Ratio 


.35 


I^artIaL adhissioT 





Typo 

INDUCED H 

2 CENT. 

Speed, rad/eec (rpm) 

2512 

23990 

Flowrate, M^sec (ppm) 

0.000366 

5.80 

NPSH, M (ft) 

0.610 

2 

Inducer Headrise, M (ft) 

3.66 

12 

Stage Headrfse, H (ft) 

210 

690 

Overall Headrise, M (ft) 

klk 

1392 

Suction Specific Speed, rpm-gpm*^/ft*^’^ 

- 

3I»350 

Stage Specific Speed, rpm-gpm'^/ft*^® 

- 

629 

Power, Kw (HP) 

6.16 

8.26 

Overall Efficiency, I 


28.2 

Inducer Inlet Tip Diameter, cm (In) 

1.501 

.591 

Impeller Inlet Tip Diameter, oti (In) 

1.501 

.591 

Impeller Discharge Tip Diameter, oA (In) 

5.105 

2.010 

Impeller Discharge Tip Width, cm (In) 

O.J76 

.03 

Emission, 1 
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TABLE 28. TURBINE DESIGN POINT OXYGEN TURBOPUMP - LO 2 /H 2 ENGINE 



PARTIAL ADMISSION 

Type 

SINGLE STAGE AXIAL 

Working Fluid 

HYDROGEN 

GAS 

Speed, rad/sec (rpm) 

2512 

23990 

Flowrage, Kg/sec (Ib/sec) 

.0608 

.134 

Total Inlet Temperature, K (R) 

537 

967 

Total Inlet Pressure, N/cro^ (psia) 

i*i»3 

643 

Total Exit Pressure, N/cm (psIa) 

382 

554 

Pressure Ratio (total/total) 


1.16 

Power, Kw (HP) 

6.16 

8.26 

Efficiency (total/total) % 


30.7 

Hean Diameter, cm (In) 

9.4 

3.7 

Blade Height, cm (In) 

.76 

.30 

Admission, % 


9.6 

Velocity Ratio 


.15 
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TABLE 29 

PUMP DESinN POINT 

METHANE TURBOPUMP - LO.,/(;h, ENGINE 


Type 

INDUCER + 

4 CENT. 

Speed, rad/sec (rpm) 

5899 

56330 

Ftowrate, M^/sec (gpm) 

.000315 

5.00 

NPSH, M (ft) 

1.68 

5.5 

Inducer Headrise, H (ft) 

II . 6 

38 

Stage Headrise, M (ft) 

i»82 

1580 

Overall Headrise, M (ft) 

1938 

6358 

Suction Specific Speed, rpm-gpm*^/ft*^^ 

- 

35070 

Stage Specific Speed, rpm-gpm’^/ft'^^ 

- 

503 

Power, Kw (HP) 

7.27 

9.75 

Overall Efficiency, % 


34.9 

Inducer Inlet Tip Diameter, cm (in) 

1 . 11*3 

.450 

Impeller Inlet Tip Diameter, cm (in) 

1.143 

.450 

Impeller Discharge Tip Diameter, cm (In) 

3.302 

1.300 

Impeller Discharge Tip Width, cm (in) 

0.076 

.030 

Emission, % 
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TABLE 30 

TURBINE DESIGN POINT 
METHANE TURBOPUMP - L02/CH^j ENGINE 



PARTIAL ADMISSION SINGLE I 

Type 

STAGE AXIAL 

METHANE GAS 

Working Fluid 
Speedy red/sec (rpm) 

5899 

56330 

Flowrage, Kg/sec (Ib/sec) 

.120 

.265 

Total Inlet Temperature, K (R) 

S 30 

1674 

Total Inlet Pressure, N/cm (psia) 

587 

823 

Total Exit Pressure, N/cm^ (psIa) 

1 | 19.2 

608 

Pressure Ratio (total/total) ^ 


1.35 

Power, Kw (HP) 

7.27 

9.75 

Efficiency (total /total) % ' 


42.5 

Mean Diameter, cm (In) 

5.84 

2.3 

Blade Height, cm (In) 

0.762 

.30 

Admission, % 


7.6 

Velocity Ratio 


.32 





TABLF '^1 

PUMP OtSlfiN POINT 
OXVGF-N TURBOPUMP ' PNC. I NT 


INDUCER + 2 CENT. 


Type 

Speed, rad/sec (Ppm) 

Flowrate, M^/sec (gpm) 

NPSH, M (ft) 

Inducer Headrlse, H (ft) 

Stage Headrlse, M (ft) 

Overall Headrlse, M (ft) ^ 

Suction Specific Speed, rpm-gpm* /ft^^ 
Stage Soecific Speed, rpm-gpm* /ft* 
Power, Kw (HP) 

Overall Efficiency, % 

Inducer Inlet Tip Diameter, an (In) 
Impeller Inlet Tip Diameter, cm (in) 
Impeller Discharge Tip Diameter, cm (in) 
Impeller Discharge Tip Width, cm (in) 
Emission, ^ 


3**56 

.000433 

0.61 

8.23 

194 

396 


1.633 
1 .633 
3.956 
0.076 


33000 
6 . 86 


1299 
51400 
682 
5.19 
49.5 
.643 
.643 
1 .400 



TABIC 32 

TURBINE DESIGN POINT 
OXYGEN TURBOPUMP - LO /CH^ ENGINE 


Type 

Working Fluid — 

Speed, rad/sec (rpm) 
riowrage, Kg/sec (Ib/sec) 

Total Inlet Temperature, K (R) 
Total Inlet Pressure, N/cm^ (psia) 
Total Exit Pressure, N/cm^ (psIa) 
Pressure Ratio (total/total) 

PoNer, Kw (HP) 

Efficiency (total/total) % 

Mean Diameter, cm (In) 

Blade Height, cm (In) 

Admission, % 

Velocity Ratio 





OF F-DESIGN OPF.RATT.Nn C1 1AMCT KRISTTCS 


The off-doHlp,n chnrnctoriaMcM of tho pumpH worn .lovolopiul utlUzOiK nv-iUnb'lo 
t'xpor Imontnl flatn. In RoniTiU tlio off-tloa Ip.n pump ctuirnotfrlHLlt’H nro nl a 
fiiiu'tlon of fkMiip,n flow coof flc/lonr , (l.nORn Iu-.kI oooH Iclont, mimhor of bla.loM, 
(llH('liarp,o blado anp.lo, and Impollor Inlot to cl i Holiai’)',o tip cllamotor ratio. 

Thoiio Influonron oHHontlallv H'dtioo to a variation of normr. 1 I io-d lioad im>- 
ctl lolont wltli Inlof flow <u>oll lolont ami Hp»><-iflo apood hUu'c' ivplrally small 
diHoharpo blade anp.lon are tiaod and the ollo'r parainotorn /tro' a I imot Ion ol 
n|u»rll 

Thr Inr, uf f'-tUMi normal 1 Im'/uI < I leU'nt and itHlrUnuy imuvoji 

wlilrh vioro I’i'iii'rat od and unod to porlorm I lu' td ( "“don (}»,n balanooit aro 

•iliown In Klmire 101, lleo/iimo of almllarlty In i liormophya leal l lnld proportlea 
ami pump lavul ooolflolont, llm olf-detifp.ii oliara«;t or I at Ion ol I lio oKyp.on ptimpa 
and mol bane piinipH wore aRiumiod to l»o the aanio, 

Tvpioal ofl“donl|>n oa>,' 1 1 at liip, po''formance mirvoH lor tlie pumps are hIiouii In 
FI)-. 10.1. At Mow oootnclontH lilj-.hor than llio denl)-n vahio, Llm stiotlon 
porformanoo dot or ioratc-a r.ipldly. A a1 Ip.ht T<-duotion In MU|>pUod NSPIl (Hll)<ht 
liu'roaHo In anotlon apormo spood) eaimoM a larj;o drop in head ilso, whloli 
nioana that thorc- is lltt lo margin wlion oporat in)-; .it flow cool flolonta )-roator 
th.'Ui doKl)’,n. Sootlon oharaclorlaUca .are muoh more torplvlnp, at lower than 
ilo.sl);n flow (-oof lie louts whoro a sltj^ht do. ro.'isi* in NPSH oausos a sllj-ht 
tUuMaMso ill head rise* 


EFFICIENCY RATIO. 7 } /’7p£5,g^ STAGEHEAD COEFFICIENT RATIO, 
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Turbine off-dsflign losaes are characterized by a leas coefficient that la a 
function of the angle of attack on the rotor blade loading edge, IVhen 
operating at the turbine dealgn point, the angle of attack la zero, and aa a 
roRult, no Incldencoa loaaea are encountered. The loflaeo Increnaea aa the 
approach angle la greater or Iorb than the deolgn angle. 

The turbine off^dealgn performance waa determined ufllng a turbine atage 
offlcloncy veraua velocity ratio (blade mean veloclty"tO''lRentroplc volaclty) 
tiirve for the Rlngle ntage atage partial admlflfllon turbine of the dealgn pitch 
diameter, 

For the engine, the fuel turbine efficiency varied + 3 - percent and 

the orldizer turbine efficiency varied + 1 - percent from the design point value 
for tlm- + 10 ~ perci'nt engine mixture ratio variation. The turbine efficlcncloB 
Incref.iied with decreaflo In mixture ratio. The LO,/CH^ engine fuel turbine 

efficiency varied + I - percent and the oxidizer turbine efficiency varied 
2 - percent for the + 10 - percent mixture ratio variation 

MKCIIANICAI, OKSION 

l ly dr ogen and Methane Turbopumps 

The hydrogen and methane turbopumps are four-stage, partial emtnisslon centri- 
fugal pumps with an inducer preceedlng the first impeller, and powered by a 
partial-admission, single-stage, axial-flow turbine (Fig, 99). The pumps have 
an axial inlet and a radial discharge. The turbines have a radial inlet and 
an axial discharge, 

The rotating assembly for both turbopumps consists of the turbine wheel with an 
Integrally fabricated draw bar on which are mounted the four impellers and two 
bearings. Tension In the draw bar la applied by a nut in front of the first- 
stage Impeller. The bearings are mounted on the first- and fourth-stage 
Impellers, and the compressive load from the draw bar passes through the bearing 
Inner races. The torque applied by the turbine Is transmitted to the fourth- 
stage impeller by a spline. The torque is then transferred between the 
impellers by tanks and slots machined Integrally in each Impeller. The use of a 
through-hole in the impellers is possible because of the low tip speed of the 
Impellers. The inducer is threaded on to the draw bar. The tab lock between 
the ln<lucer .'ind the impeller retaining nut allows the nut to be locked in an 
infinite number of positions when tensioning the draw bar. The torque required 
to drive the Inducer will be transmitted by the lock tab washer. 

Positioning of the Impellers Is provided by a pilot diameter and a normal 
bearing surface on each end. Repositioning error when the rotor is disassembled 
^ and reassembled is reduced by allowing the impellers to be assembled in only 

one angular rotation position. 
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Tho pumi* liouHlu»\ (iMHi'mMv ‘ | .m.l plov’lilo.. a 

a i'mit I'-' "-'''*' . /h... !onf alaa »l*a .-a " 

lima.'l tor tlio In.lufor. H'o , ,,i, lnii>oll-r. It alao 

.•omor" wlilrl. ' 1"‘ V'/n , . I ho lorward pomp laau lop. Tho 

jiiovltloa .1 proflnloo il lamol t'l 'O 1 i-r illlfuai'i, Iho vololi' 

m.ilH lUMup luHKiluH i’onf:»lnti I h’ ^ iminlloM .uul 

hlailoa. Th.' tiot'on.h ami llilnl i i . ’I'lu-v aro alottoil lor.* au.l 

l.ml.'.l In Iho amioiuhly ^ ’ ’ " ! ’ „„„ h i',m Inp. 'I'ho plna alao oairv Ih.* 



Inc.ilo.l in Iho lorhloo oo.l ol I h<‘ luaialnp., 

, * I. II uihimuMv 1>V tlMlMton lu llu' 

i — * 

stall.* a.*ala aro ‘- all U*akap.*^Va!.I\ ho 

a.*ata a.*al Iho .•r.a.aovoi at th.- hnp.* o ; .,,..* roauU la 

!i.*ala will la* v.’rllli’.l I ». I u* pump i * , ^^^,^^.hat•p,^• pri'aauro, *'x«*opt 

i,np.*llor .llllua.'r aiacharp.o pr.*aaur.'. 

Tho hoarinp.a ar.* »l I >'.* .lop.ul^ar is iutoruallv proaaur i a.'.l . 

turhino/pump aoal la ol tho liisoharpo. Tlio loakapo i lov,. lowanl 

■riu* pr.>aauri;'.l«!*, t'‘"v ‘‘‘'"Y' ‘ ,!„. turhl.u* .-lul hoarlup,. I'ho pump o.ul 

..v h- 

0\MM% 

ir. 

.'lal pari .'I < U'urth .taf.* m| ‘ Inipoll.'r Ol). I'h.* U"'' pn'asuio 

l,v s M,, on I hi* pump housinp. u„,H*llor au.l houaiup.. Ilalau,*.* 

orlll.'o la i.n.vMo.l hv a m*'^'-‘' ' | o„rt h-at apo ImpolU-r .m.l .I. Hvoro.l to 

pisl.ai I l.'w la .lui-to.l lo u* ‘ ^ ^ Sal.im o platon hi mixo.l with 

"""' "■ 

t.Mirlh-alapo Impoll.'r Inlot. 

. l.v I stoiMM'il lahvrinih w.*ar t Inpa. I'ho roar 

■ r :,:,';: r ,:;,7 

pump rpm p.iasoa t hr.mph a orltl. al apot.l i.inp. . 
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proven In provcIlurtiiJbopump dLtl!nH’'”ThrtU"rj 

fobrieared from cn«t and w?J««| ; o'J: n'" r^ 

fnfep.rnlly mnehined bladen and be LTfrom inconel 

eorroHlon-reHlHtnnt nteeX, In the hvdroaen tnrh .« ^ «re 440e 

•••trnetur.il parCn from the hvdrooen envlr^. t''rbop«mp, protection of the 
expoMod HurfoeoH with n m.Itnhl? motnrlj?. ” Provided by plntlnR the 

H’y' IjOfl. Jlo.rbj tp un ipH 

The oxygen itirbopnmpH nn> two-Htoee 4 . 

Indiver, end ore powered by 0 partlol-odmlBHlon ”oV*”i ‘ pumpn with nn 
turbine (K|,,. U) 0 ). The b,Uc axiol-flow 

oxyi-»>n turbopump denl«n were HllilSr to tbl^! 1 appronchoH used In the 

raelhoue tiirbopumpn. The primary d If ferenooo* ^"rorporntod In the hydrogen and 
wheel-.o-,d,oft mounting aSd mJc p^i^tH^^ tnyblne 

tnrboiMimp, the turbine wheel la bolted on rS! I Package. For the oxygon 

Hhofi o« in the fuel t«rbo^„mp«. ' tntegral to the 

il.« fr»» th. b.„r,. 

pump seal and the tntormedlS^eTal ?hrjit!J™!n f" ‘‘’i’ the 

Internally by an Inert gas that fonis t^he tilt T "' T' P’^‘‘«««rlxod 
two working Hulds, Inert >>as that lonfca f barrier between the 

riiil.l that iMkad pa«t tha ^uiiip L^l aSd irvmja r '’'"f '"“P 

docUmt «„,| |,a« t»„ haarinc Xmrats ’’““P''- '’'“^<''8 

loakaRc. I low „r the Inert paTJh; ?nj,™ 5!^“^' tl>» 

the tnrhtnee. Thte mixed e.;" iftheS “'n ‘“'•■'P'Is 

is of the controlled can ttoo La m f’oard. The turbine gas seal 

bearing la pressurized to a higher prLmire than^theT"*^hl"^ turbine end 
sure so that the hearing coolant leakage f low gL:'’Lto"?il:LuL"LL 

enme ae th;’l“ .VuuLedlf lurhejempe"!”'’"'”'’" 

VAI.VM PKSKIN 

a'roi-Lrcol;;-lgu^ eleJlrl”^''; 

electrical operation Is provided by duil electel safe actuator 

variable differential transformer aVDT) i>osltl!n T ”^0 *'"**'* 

shutdown la provided by a pneumatic overrlde^n ? ^ Fail safe engine 
irom separate three-way soLnoT^ vailed ' "" actuated 
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The MOV rtnd MFV employ « common dealRn aector boll vnlvo cloanro with n noaltlvo 

HUHpenHlor. la nocompUalKHl by 

onr^ boaringa at the valve ball abaft ano a roller tbruat bearing to aup- 

port abaft aeol unbalanced area. Since no metal-to-motal alldlng parta oxlat 
within the valve, lubrication la not required. A typical MOV configuration la 
preaentod In Pig. 103. The valving ejementa of the MFV ami MOV are Identical. 
Une geometry and aljsoa differ alnce the MFV would operate full open to minimise 
proaHure drop. For both the I,0./1L and the 1,0 /CH engine, the MFV la 
ncorporated on a l.OOS cm ( 1/^- fw) line and^hoW In a 0.957 0/8 - fN) 
line. The electric actuator on the MFV la identical with the MOV except that 
the pneumatic override and clutch aHaemblleH are nmlttud. 


The TIIV and OTBV both till I Iso a nlmple rotary plug coa figuration. The plug la 
guided by preclalon roller hearlnga alrallar to the main valvea. A typical TBV 
ts Hhown In FIk. 10/i. AHHt»mbIy and oonatnict Jon fcaturott of the «haft 
Meal ami actuatora of the THV and OTBV arc Identical to those of the MOV and 

*^*'/*' V. * both englncH, these valves wore Incorporated in a 
0.953 cm 0/8 - TN) line. 


PARA,METRIC KNGINE DATA 


The parametric engine data generated in this program Included delivered specific 
Impulse, engine length and diameter, and engine weight for the following range 
of conditions for both LO /H and hO /CH expander cycle engines. 


Thrust ! 
Chamber Pressure: 


444.8 N (100 Ibf) to 13345 N (3000 Ibf) 

2 0 
68.95 N/cm (100 psla) to 689.5 N/cm^ (1000 psla) 


Area Ratio: 200 to 1000 


The data were generated for a nominal L0,/H,, mixture ratio of 6-to-l and 
3.7-to-l for L02/CH^. ‘ *■ 

For the 200-to-l area ratio engines, the nozzle was completely regeneratlvely- 
cooled and for the engines having higher area ratios, the nozzle was 
regenerat i vely-cooled to one half the total nozzle area ratio. 

The engine dimensions for the LO„/H„ and 1,0,,/Cn, engines were essentially 
Identical, The LO^/CH^ engines are'^only 0.5 to*2X; longer In length. There- 
lore the LO 2 /H 2 engine dimensional data can be used foi the L 02 /CH^ engine. 

The engine performance parametric data are presented In Appendix D, the engine 
dimensional data In Appendix E, and the engine weights In Appendix F. 



FtGURK 10), TYPICAL MAIN OXIDIZER VAl.VE (MOV) DESICN 






Performnnco 


Tho (U'llvorctl i*nglno HpocU lo ImptilHo pnr.imotrtc 
App»»nd1x D In a aolroR of throe ( vpoa of nlota f 
(no I mliul ! 


data are preaented 
or eaeh propellant. 


In 

Thene 


I. 


Delivered engine opeolflo linpnUie verana nonxle area ratio 
etrle ehamher proaaure at eonatant thrnat. 


I’«*r pa ram" 


Delivered engine ap<>eM le Impmao verana thrnat (or parametrlo 
preannrc’ at eonatant noe.r.le area ratio. 


eh.amher 


I. 


lU'llvered <'nglne tipeelfle Impulae verana ehamher proaanro 
etrle thrnat at ecmatant noxi'.le area ratio. 


lor pararo- 


An Intereatlng trend la <>vMont from the LO2/H2 engine performance data. 
Inen-aaea n no«r.le area r.itlo reanlted In algnlfleant porformanee «alL Por 
example. 22;>A.I N (SOO Ihf) thrnat and 344.7 N/cV (SOo" lalarSaib^r ^;Ha.?ro 

u l.l*!‘rr . ?on f oltamber preaanre waa 

itoubliil with i) ‘jOn-tii-l area ratio 


lot the U'2/*D. engtnoH, Incroaalng chanbor preKauro provided more spocifle 
Impnlae gain than InoroaMe In the nozzle area ratio. 


A.s p rev Iona ly shown and dlseuasod, 
Is not .'itgnll leantly Influenood by 
was true lor the entire area ratio 


the 1,02/02 delivered engine Hpeelfle Impulse 
thru.st beyond 1134.5 N <3000 Ibf) and this 
range of interest. 


•riu' 

most 


int liRMU'o ot tliruHt was moro «i«nit leant for the h0,JCH, engines 
ot the ehnngo agatn oceiirred below 1334.5 N (300 iRi) tfhnist. 


al thmtgh 


In dUfve.ed MH‘c I Ic Impulse deereased.,rapidly as the design chamber pressure 
d c eased, particularly below 20h,8 N/cm*- (300 pr.la) chamber pressure for the 
U ,/ll^ eoglt.es. lor the LO^/CII engines, the delivered specific Impulse 
ooutlmiai V decrease with decrease in chamber pressure for all thrust levels. 
100)7'’'’? ""’"''I , ‘l^^orease from a chamber pressure of 689.5 N/cV 
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Knglno Dl rngm atRUR 

Tho, pararoi'.trlc t^URln^ diwonRlunaX data Ront^ratod liu ludud tlu^ total ony\lw 
Umcth (naR^lo oxtondt?d) and tha onpino/d lama tar {noK5?la axlt dlamator). A 
HprioH of paramotrlc plots ara praaantad In Appaudlx K. Thasa im Indad: 

I, Knpfna lanpth varsus no«??la araa ratio lor paramatrla ahamhar prasaura 
at aunstant thrunt. 

Englna langth varnun ahambar pranaura tor parmnatrla thrust at aonotant 
nox«la area ratio* 

Kn«ino voromi ehambor proHmiif for parnmutrlc nri'ii ratl«i at 

( onatanc tlmuit . 

Knclne Plamc»tur ! 

1. EnRtne diameter verwua noaale area ratio for parametric chamber prea- 
auro at conatant threat. 

2. Engine diameter veraua chamber preaaure for parametric area ratio at 
constant thrust* 


Beeauae the LO2/H2 and LO2/CH4 engine dlmenalonal data were eaaontlally Identi- 
cal, only the b02/U2 engine data were plotted. 

The parametric engine length and diameter can be naed to explore the chamber 
preaaure, thruat, and noazle area ratio dlmenalonal vartatlona for a apeell lo 
vehicle application. Aa diacuaaod previously, the engine cycle llmlta pre- 
viously determined for the nominal 400 -to-l area ratio onginea can be used to 
conservatively determine the upper design chamber pressure limit. 

Primary engine dimensional trends are that short engine lengths and small 
engine diameters are achieved by high chamber pressures, low thrusts, and low 
nozzle area ratios. The total engine length Is equal to the sum of the dis- 
tance from the Injector plane to the engine glmbal, the combustion chamber 
length, and the nozzle length. Although the data presented In Appendix E con- 
tain these terns, the nozzle length is the dominant terra for high area ratio. 
Therefore tho engine length can be approximated by 


I 


*ENU 



for a constant percent length nozzle and a constant thrust coefficient (Cf). 
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A- 


The tmgine diameter is exactly proportional to the aame term 
f¥~e 


^ENG 6 
Engin e Wei ght 

J^lr^Ttaltilrum '"’L tlnuJiu'’"'"”'’ r*"'“ r™‘‘" >'» P»P 

was txpti.tud but Increased more ut low chamber pressures than at hlah chamber 
prc.„«ur.» TlKrsfor. 1„ aro» ?aUo at hS chLSe? prSa^S'L 

would mlnlmlau added angloo wolght to achlevo onglM porfomanoTll'rS" 
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TP.CHNOI.0GY AB8E8SHENT 

in dntomlninR the prnUrolnary design of o«ch component within each engine 

thc^ technology ndvancotnnntn roqulrod worn annmmd in t\w formulation 
ot the dofllgn, Tho assoKumont was divided Into sect ions »s followai engine 
oyntem and tho individual ongJno coropononta (turbopump, thrust chamber, and 

In lector /ignitor) , 

Eng ine gyat oro • 

In formulating tho low thrust propulsion nyatem, tho primary goal,, were high 
enwlue porlormanco. docrosHod engine size and weight and Hystoni almp IcHy. 
n/’schlevo high engine performance, two nreao warrant furtlK'ir Invest gat Imis 
(1) design point, evaluation utilizing a high nozzle area ratio, and (.) evalua- 
t Ittn of Improwd turbopump performance and enhanced turbine drive gas heat 
traunfer . 

For the mt»at part the current progrom focused on a dOO-to-l area ratio nozzle, 
but In the process of generating the parametric engine pertormnneo data, It 
became apparent the significant performance gains could be achieved through 
increases In area ratio. For example, the delivered specific u 

2224.1 N (500 Ibf) thrust LO 2 /H 2 expander cycle engine at J44.7 N/cm 
(500 psla) chamber pressure increased from 4571.5 N sec/kg (466.16 
to 4653 N sec/kg (474.47 Ibf sec/lbm) for an area increase from 400 to 

1000 llHina a payload /specific impulse influence coefficient ot 2# 54 kg/ 

(N see/kg) (55 Ib/lbf sec/lbm), this specific Impulse Increase reproscnits u 
198 ks (432 lb) payload increase. Tho additional nozzle weight was approxi- 
mate Iv 11 kR (25 lb). The lOOO-to-l area ratio engine would add approximately 
38 cm (15 inches) to the engine length and 23 cm (9 inches) in the engine 
diameter. 

The second approach to increased engine chamber pressure and specific impulse 
is through iLreased pump and turbine efficiencies and enhanced heac transfer 
to the turbine drive gas. Increases in these parameters will result In 
increases in design chamber pressure which will decrease engine size. For 
this study, the best available predictions of the pump efficiencies were 
utilized* however possibly further efficiency improvements can be achieved. A 
brief evaluation using the generated parametric LO 2 /H 2 engine performance data 
indicated that increasing the design chamber pressure from 344.7 N/cm 
(500 psla) to 689.5 (1000 psla) at 2224.1 N (500 Ibf) thrust resulted in only 
a 0.26% increase in delivered specific impulse. Therefore, to achieve a 
significant performance improvement, the turbine drive gas heat input and 
turbopump efficiencies must all be increased. 

If continuing large space structure vehicle and mission Z"®*"** 

throttling is beneficial, the feasibility and design of a throttling pump 
drive system Should be evaluated. Also complete engine cycle operation at 
various throttled conditions should be performed. Since previous discussions 
In this report revealed that substantial performance gains can be achieved 
utilizing constant chamber pressure throttling, the thrust chamber design to 
accomplish this would be of particular interest. 
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To f.irtlior Improve the low thruHt englno cyelo. tho 

iz~ - «K»iu 

wH1 bp pi pnrrinilar ^ntprPHt: to rlio vnhi>i« otp «nRlnp fiyofoni but 

.inrn.„ »; i„;i.u;,!i'^,:;:''i:,Lr^ ‘"rupt maw- 

aZ„;' ""‘"r «'■" ••» 


X'l’’,l'*'*Pjinill'l 

w;«:';;''i'7?o™i rriL'Jifr.Jirj i»“« 

IIU. iin.U'rdtp h.>n.l nml l.m rioirntpj jMiarlrirf ^’’n' "' '‘"''“l’""'l‘ "fflPlPiicWn. 

■■m.-l,.„rU.,i, rl,p npar VoriZ,,; LSpW»i “> nmw 

burlormanrr of the wmall multi-Htfieo oarMxii methods of predicting 

Hnuill pnrtJal admission turbines. ® ^ ^ emission centrifugal pump and the 

required. This comblLd Wlth^Slnf 3?^^^ 

tijnist chamber Importance will enahl*. ? ' transfer enhancement and 

higher engine perforX^ JalLs ««'» 

Thrust Chamber 

l2:p:LrtfS" 

rp.aa»„„-.„^wrno^.le P«“|W§ taf^U "r'*"" “'o"’" 

(JOOO F) „„.l jm. fixed „„x.le tube wall J^^Serplr'^Kf “ 

less th.in 811 ”k (1000 F), ceroperacurcs near this location are 
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Tho npod for an extpmlnhlp no?.ale wlU require ovolMntlon of thp flpprlflc 
vuhlclp nppltcation. In n convpntlonal Rtflckod'-tnnk vnlilcln ponf iRuraVlon, 
thP PHRlno iPURPh would bo PKtromoly Important and an oxtondablp nof’.^lp would 
bo dpflnitpJy roqulrod. Howpvor, In enrront low thrunt voMpIp Htudlon, a 
torna I Iquid oxyRon tank haa boon conaldorod to mlnimlxo tho Htaqn lonp.tbt kor 
thin tank PonllRurntton, a ri'trartod nopir.lo rnRlno may not bo roqulrod. 

In tliln ntudy a nlmplo hlRlt toniporatnfo atool ladlatlon-ooolod nof'./.lo oxionulon 
wan omployod, A llphtPr wolnbt no>i?.lo tdwnild bo ovalnatod to rotlmm our I no 
wolphti 'l1io doniRn approach to acoorapllnh tbifi will bo o1 particular valuo for 
hlRli area ratio noKRlon. In addition nimplor no«?,lo oKtonnlon (ocbnlqitoo 
would bo worthy of further exploration to alroplHv tho t’ORliv' nyntoni and rodmu* 
onplno wo I phi . 

H’ tor/ 1 R ill t(tr 

A iiia)or area riM|ulrlnR tci’luioloRV advanconu’iit lor tlio low tliriinl onplnp In tbo 
miniaturization of tbo iRultor. Ciirront lp,nltorn tend to bo larpo In relation 
to tbo f.orobufitlon ebambor and tbo ronvont tonal In-Uno luHtnllatton wmiUt 
nlpnlClcantly Influence onRino lonpth. Thin Ipnltor mlniaturlxat Lon may roquiro 
now doHlp.n approaclioH and coucoptHj an well an coinponont tcHlliiR. 

In addition to tho porlormaneo of tliP In.lootor, tho coollnp and durability of 
Injoctor faoo, and tho in.)ootor/chambor boat tratinfor compatibility, oapoolally 
with regard to Injoctor Htreaking, will roquiro tost domonstrat ion. 
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CONCl.llRTOMa 


Thi‘ tliruHt clinmbur copUiir nnalynln roHiiltcd in tha bO,/ll^ roRanarat Ivo/ 

r/uliut lon-’t’ool od tlinint ali/imborH providing t ha IrtpROHt abanibpr prr^iuro 
vuniun tlu-udt uponutpnal nnvalppo. TI»p f llm/riuliatton-conlnd Mirunt 
clt/tniburt) waro UniUod to low t’.'tambor .promtiiron, 1/ltbln tho orlRlnaJ. tliruot 
t'lmmbHr tooling nnnlynln Ruldollnon, 1,0.)/RP->1 roponorntivo/pfidlfit too-coolod 

i hrmu .'limnborfi nnd tbo U\,/cii^^ f Hm/radlntlan-poolod th-imt cbnn.r.prH worn 

Ititiiid not to Iio foanihlo. llowov<'r, tlio inoUinlnn of tho pno-’Hldo onpbon 
Inyor I’oimltod In a fonnlblo oporatlon/il ropinu>. 

cnmlld.ito oiipluo ovolo/oonflRurntlonn woro ovn luntinl with roRnrd to tho maxl- 
moni Oi hlovalilo chambor proaniiro, dollvorod opoivUio impnliio, onRlno wolpht, 
ami oyotom omnpi.'xlty. For both tho tO^/II,, ami UU/hydrcoarbon fool <inK:liioti. 

tlio dlioot oxpamlor oyok* achluvod the hlRhoHt overall ratlnp and thofctoru 
wan tho oyclo rooommoiulod for preliminary engine denlgn lor the two c'TginoH. 
NASA*-boR0 noloeted the roeommended engine eyole/conf Iguratitmn and a o- rtlan 
thraot of (500 Ib^.). 

To aobieve t ie denlred high chamber preamireB for both of tbeae o' ‘gin- ' < 

two-ntage partial umlHolon oxidizer pump and a four-ntage. pn . or.l!mi.r,i 
fuel pump with a b^gle-Btago partial admlonioii tvrbb'" i ,cj.. .;(,ulced. The 

turbinen were arranged in acrius with t!»e fuel turbi;e: .,;;mtre'Am of tho oxl- 
dli-.er torbine. The engine cycle., in particular tlie ..ecbepump off iolenclea, 
limited tho achievable dealgn chamber preaaure. 

riie JJ24.1N (500 Ibj;) thruat IJO 2 /II 2 expander cycle engine reaulted in a 

de-sigo chamber preaa re of 328.9 N/cm^ (477 paia) with a delivered specific 
tmpulae of 4564.5 Naec/kg (465.45 Ib^ sec/lbm) for the 6-to-l design mixture 

ratio and 400-to-l nozzle area ratio. Tills engine has a total engine, length 
of Ol.ilom (36,l91n), a retracted engine length of 56.2 cm (22.13in), a ma.xi- 

11 mm engine diameter of 42.29cm (I6.65ln), and an engine weight of 28.46kK 
(62.75 lb.). Ob 

A dealgn chamber pressure of 307.5 N/cm^ (446 psla) was selected for the 
2.124.1 N (.500 Ih^.) thrust LO.j/CH^ expander cycle engine. This engine 

achieved a delivered specific Impulse of 3543 F sec/kg (361.29 Ib^ sec/lb ) 

for the design mixture ratio of 3.7-to-l and 400-to-l nozzle area ratio. 

With the nozzle fully extended, the total engine length was 94.1 cm (.37.061n). 
The total engine weight was 25.8 kg (56.87 lb). 

The U) 2 /ll 2 eiiglnu resulted In a higher chamber pressure and, theref tre, 
achieved a smaller engine. However, the 1 . 02 /CH^ engine achieved a lighter 
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eoglno due to its sinallet turbopumpe. Tlio LOg/ll^ engine Attained a nlgnl- 

flcantiy higher delivered epeclflc Impulee (approximately 29 percent higher) 
due to the lighter moloculnr weight propellant and a higher dealgn chamh.-r 

p Mirn f 


In termn of technology advancemcnta , the recommended Improved performance 
engine ayatem advancemonta include the continued analytical and axperime.ntal 
evaluation of high area ratio nop.7.1o performance , Improved efficiency numpa 
and turhlnea, and teebnlriueo to Increaao the turbine drive gan heat Input. 

Mnee the denlgn of the largo apace atructure payload can he directly In- 
nuenced by the engine atnrt and shutdown trannlont, the anulyala of these 
engine trnnaionta la required to evaluate loads Imponed on the payload. 

Althotigh tlie thrust chamber itself does not currently appear to represent a 
mojor technology advancement, the required long burn duration of approximately 

° strigont durability limit on the hardware. Experi- 
^ thrust chamber will ensure meeting this requlrGmont. An 
evaluation of advanced minimum length propulsion stage configurations would 
enable the assessment of the need of an extendible nozzle on the engine. Also 
technology advancements in lighter weight nozzles (materials and design con- 
cepts) would reduce engine weight. In the area of ignitors, technology 

advancement Is required to miniaturize the thrust chamber ignitor to improve 
component packaging. j-mptuve 
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APPENDIX A 


PROPELLANT PERFORMANCE DATA 

Thooretlcal propellant perfortnance data wore generated for L02/Ho, LOp/CH/^i 
and LOo/RP-l for a range of chambor proRHure from 13,79 N/cra^ (20 pala) to 
689.5 N/cm^ (1000 pala) and appropriate mixture ration and fuel Injection 
teraperaturoH. These data were generated imlng the Rocketdyne Proe-Energy 
Program, which utillaea the lateat JANNAF combuHtlon gas apecies data file 
and yieldn resulta which ate In agreement with NASA's TRAN 78 program. 

The theorotlcal characterintle velocity as a function of mixture ratio and 
chamber pressure for twc» fuel injection temperatures are shown in Fig. A-l 
through A-5 for tho three propellant ccrniblnatUms. The theoretical vacuum 
specific Impulse as a function of mixture ratio and nozzle area ratio for 
five chamber pressures and two fuel Injection temperatures arc presented in 
Fig. A-6 through A-35. 

The presented data are a part of the data file incorporated in the low-thrust 
engine cycle balance computer program and were used In this study . 
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APPENDIX fl 


PBOPELUNT PROPERTY DATA 

Tho thaurtit teal proptillnnt prtHwrty data wi^r«i tpniorntod for [.Og/H^t EQ^/CHi^i 
Hnd EO^/RP-’l nfilog tlio TRAN 78 rompiilwr prop, ram# Tlu;< proptUlanc property 
data plottpd vt»riuin eliamhur piVHimrp for paraw^Irlc mtxturo ratio, Tlio 
data proaontad itirlud»'d I’amhaatinn I’liambot paa t iMiiptfratnro* donntty, molorti" 
lar woipht, Rpociilc boat, pamiiMJ, vlnconity, and thmnal conductivity. The 
bOg/Hy data arc prcMcut*‘d la l‘’Ip. B"l tbroupb I)"/, and data for EO^/CHa and 
bOj)/RP"l arc ahown Iri FLp. 8-8 tbroupb 8-l7i and R-lb throuph B'”2J , rcapcetlvnly. 
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Figure H-2. CombuBtlon Chmnbor nen«Uy VaHatlmt With Chamln'r Pnmwuro 
and Mixture Ratio for LOj/ll^ 
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Figure B-16. 
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APPENDIX C 

ENGINE CYCLE BALANCE SUMMARIES 

n? proaont engine cycle balance summaries for the 

conditions er.pandor cycle engines nt the +10% design mixture ratio 

A simplified engine cycle balance procedure was developed for the off-dcslvn 
mixture ratio conditions. Maintaining the design condition thrust nnd constant 
throat area, the chamber pressure was determined by first assuming a chtimber 
pressure, calculating the engine performance (specific impulse and thrust 
coefficient) and iterating on the chamber pressure. With the computed propellant 
flowrates, tlie engine cycle balance was accomplished by performing a pump/turblne 
P^er balance through an iteration of turbine flowrates. The approach tSicen was 
to control mixture ratio by varying the turbine bypass flow valvL and not 
changing the main valve positions* 

For the LO 2 /H 2 engine as the dnglne mixture ratio was reduced to 90% of the 
nominal value (5.4 to x), the hydrogen pump horsepower Increased and the oxygen 
pump horsepower decreased due to propellant flow variations Tho 
pressure increased to 333.7 N/cra2 (484 psla) due to the decrease in^the vacuum 
thrust coef .Iclent. The delivered specific impulse increased due to the mix- 
ture ratio influence to 4601.1 N-sec/kg (469.18 Ibf-sdc/lbm) . The Increased 
hydrogen flow resulted in a slight reduction in the fuel turbine inlet 
temperature. 

To balance the LO 2 /H 2 engine at the low mixture point, the pressure drop margin 
was reduced to zero and the turbine bypass flow reduced to 3.97%, The system 
pressure and temperatures for this off-design condition are presented in 
rig* C~l. 

At the high mixture ratio off-design point (6.6-to-l) for the L0,/H„ engine, the 
chamber pressure decreased to 326.-1 N/cm^ (473 psia) due to an iLrlase in thrust 
coefficient. The increase in mixture ratio caused a decrease in delivered 
specific Impulse to 4505.4 N-sec/kg (459.42 Ibf-sec/lbm). As expected, the 
hydrogen pump horsepower decreased and the oxygen pump horsepower increase. 

Although the pump efficiencies remained essentially constant, the turbine 
efficiencies were slightly lower. To balance the cycle at this condition, the 
overall turbine bypass was reduced to 7.69% with a total of 21.9% bypassing the 

Hois In^Flv 10% pressure margin was maintained. Observing the turbine 

flows in Fig, C-2, a fuel turbine bypass is required since the oxidizer turbine 
flow Is greater than the fuel turbine flow. 

Therefore, for the LO„/H 2 engine, the +10% mixture ratio change resulted in 
approximately a +1% cnamber pressure change and a +0.6c and a -L.3% soerlFIr 
impulse clinnge* * ‘ ^ 
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TABLE C-2 

LO,/H, ENGINE PERFORHANCE CHARACTERISTICS 
OFF»OESIQN, 0/F * 6.6 


Thru8t» N, (Ibf) 

Chamber Pressure, N/em^ (psia) 

Engine Mixture Ratio, 0/F 
Area Ratio 

ODE Specific Impulse, N-sec/kg (Ibf-sec/lbm) 

OOE Characteristic Velocity, M/sec (ft/sec) 

Specific Impulse Energy Release Efficiency, Fraction 

Specific Impulse Reaction Kinetic Efficiency, Fraction 

Specific Impulse Divergence Efficiency, Fraction 

Specific Impulse Non~Boundary Layer Heat Loss 
Efficiency, Fraction (I) 

Specific Impulse Boundary Layer Efficiency, Fraction 

Delivered Specific impulse N-sec/kg (Ibf-sec/lbm) 

I) Non-Boundary Layer Heat Loss 
Included In ODE Specific impulse 
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TABI.E C-3 

LO./CHt ENCINE PERFORHANCE CHARACTERISTICS 
* ^ OFF-PE5IGN, 0/F « 3.33 


Thru0t» N, (IHf) 

Chamber Prcotiuro, N/Cm^ (pela) 

Engine hixturo Ratl6, 0/F 
Area Ratio 

ODE Specific Impul&o, N-acc/kg (Ibf-aoc/lbm) 

ODE Characteristic Velocity* M/sec (ft/set) 

Specific Impulse Energy Release Efficiency, Fraction 

Specific Impulse Reaction Kinetic Efficiency, Fraction 

Specific Impulse Divergence Efficiency, Fraction 

Specific Impulse Non-Boundary Layer Heat Loss 
Efficiency, Fraction (I) 

Specific Impulse Boundary Layer Efficiency, Fraction 
Delivered Specific Impulse N-sec/kg (Ibf-sec/lbm) 


I) Noh-Boundary Layer Heat Loss 
Included In ODE Specific Impulse 
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TABLE C«4 

LOj/CHr ENGINE PERFORMANCE CHARACTERISTICS 
OFF-DESIGN, 0/F » 


Thrust, N, ((bf) 

Chamber Pressure, N/cnt^ (psia) 

Engine Mixture Ratio, 0/F 
Area Ratio 

ODE Specific Impulse, N-sec/kg Obf-sec/lbm) 

ODE Characteristic Velocity, M/sec (ft/sec) 

Specific Impulse Energy Release Efficiency, Fraction 

Specific Impulse Reaction Kinetic Efficiency, Fraction 

Specific Impulse Wvergence Efficiency. Fraction 

Specific Impulse Non-Boundary Layer Heat Loss 
Efficiency, Fraction (I) 

Specific Impulse Boundary Layer Efficiency, Fraction 

Delivered Specific Impulse N- sec/kg (Ibf-sec/lbm) 

!l) Non-Boundary Layer Heat Loss 
Included In ODE Specific Impulse 


2224.1 

500 

307.5 

446 


4.07 


• 

0 

0 

3978.6 

405.7 

1789.5 

5871 


.9800 

.9315 

.9957 

.9953 


359B.O 


367.0 
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4.07) Flow Schematic JU iVgasK fi773Ri 











APPEND IX D 

PARAMETRIC ENGINE PERFORMANCE 


Parnmotrlc delivered engine Hpeciflc Impulses wore generated using the slmpll- 
fled .lANNAP method for 1.02/112 and I.02/CH4 expander cycle engines, The data 
Included a thrust range from /|4A,8 N (100 Ibf) to 13345 N (3000 Jbf) and chamber 
pressures from 68.95 N/cm-^ (100 psla) to 689.5 N/cm^ (1000 psia) and noxale area 
ratios from 200 to 1000. A series of three typos of plots were presented for 
each propellant. These included: 

1. Delivered engine specific Impulse versus nozzle area ratio for param- 
ctrlc chamber pressure at constant thrust 

2. Delivered engine specific Impulse v6rsua thrust for parametric chamber 
pressure at constant nozzle ratio 

3. Delivered engine specific Impulse versus chamber pressure for param- 
etric thrust at constant nozzle area ratio 

The LO 2 /H., engine performance data presented in Fig. D-1 through D-14 and the 
LO^/CK^ data Is Fig. D-15 through D-26, 

Note that the parametric data are presented over the entire study range of 
thrust (444. 8N, 100 Ibf to 13345 N, 3000 Ihf) and chamber pressure (68.95 N/cm^, 
100 psla to 689.5 N/cm^, 1000 psla). In using these data for mission studies it is 
important to consider possible engine system design constraints In order to avoid 
unrealistic design points. The parametric plots of delivered specific Impulse 
versus thrust for the 400-to-l area ratl> LO 2 /H, and LO /CH, engines (Figures 
D-o and D-20, Appendix D) show the preliminary deslgn^polnts, thrust chamber 
cooling constraints, and expander cycle power constraints which resulted from 
this study. These constraints can be used to conservatively define feasible 
engine system operating conditions over the range of thrust and chamber pressure. 
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Propc\ lant; 

NR: 6- to- I 

Nozzle Percent Length: 90 

Cycle: Direct Expander 

Thrust Chamber Cooling: Regenerative/Radiation 



Expander Cycle Engine Specific Impulse Variation With Area 
ind Chamber Pressure (Thrust = 2224.1 K (500 Ib^ 








MR: 6-to-l 

Nczzle Percent Length: 90 

Cycle: Direct Expander 

Thrust Chamber Cooling: Regenerat I we/Radi at ion 





Expander Cycle Engine Specific Impulse Variation with Area 
ind Chamber Pressure (Thrust =» 3000 Ibp) 
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With Thrust and Chamber Pressure (Nozzle Area Ratio = 200) 
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CHflMaEB PRESSURE, PS I A 







Chanber Pressure and Thrust (Nozzle Area Ratio = 200) 











CHAMBER PRESSURE, psia 


























CHAMBER PRESSURE, psia 



Chamber Pressure and Thrust 
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gureD-lS LO^/CH^ Expander Cycle Engine Specific Iiq>ulse Variation With 
Area Ratio and Chamber Pressure (Thrust = 4A4.8 N (100 lb,) 
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Figure D-25 LO^/CH^ Expander Cycle Engine Specific Impulse Variation With 
Chamber Pressure and Thrust (Nozzle Area Ratio = 400) 









CHAMBER PRESSURE, psia 







CHAHBCH PRESSURE, psia 



Figure D-22 LO^/CH^ Expander Cycle Engine Specific In^iulse Variation Kith 
Chamber Pressure and Thrust (Nozzle Area Ratio = 800) 



















APPENDIX E 

Parametric engine dimensions 

engine diiftennlon data wore goneratod for both engines, but only 
data were plotted since the values of engine length and 
iSed! ““““““lly IdMUcal tot the two onglnes. iho pora^otrirplota 

Engine Length: (Pig, E-1 through E-13) 

SSLio itef Jatlo™’ P^t'trlc throat at constant 

’■ f" Paranottlc area ratio at 

Engine Diameter: (Fig. e- 14 through E-21) 

1. Engine diameter versus nozzle area ratio for parametric chamber 
pressure at constant thrust cnamoer 


2 . 


S?SLt^?hr^t ‘^^ber pressure for parametric area ratio at 


psla to 689.5 N/cm2 1000 dsL? ri \ .u pressure (68.95 N/cm2, loO 

■■ 

eogina apatow operating 


i 
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Chamber Pressure 



Figure Total LO^/H^ Engine Length Variation with Area Ratio 

Chamber Pressure (Thrust = 444.8 N (100 Ibf) 
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Figure E-3. Total Engine Length Variation with Area Ratio a 

Chamber Pressure (Thrust = 4448.2 N (1000 Ibf) 
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CHAMBER PRESSURE, PSIA 
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CHAMBER PRESSURE, PS I A 



and Thrust (Nozzle Area = 1000) 
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Figure E-12 Total LO 2 /H 2 Engine Length Variation with Chamber Pressure 
and Area Ratio (Thrust » 4448,2 N (1000 Ibf) 
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Figure E-14. LO^/H^ Engine Diameter Variation with Area Ratio 
Chamber Pressure (Thrust >* 444.8 N (100 Ibf) 
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CHAMBER PRESSURE, PS I A 



Figure E-18. Total UO 2 /H 2 Length Variation With Chanber Pressure 

Nozzle Area Ratio (Thrust * 444. 8N (lOO^lb) 
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AP PEN DIX V 

PARAMETRIC ENGINE WEIGHT 

Parnrai'trlc unglrit! wolRht (Tit Iho EO 2 /H 2 nnd ECo/GlI/^ ('xpruiJt'r ly^'U* 

ROUf'tntPd Cpt tho th’MiHti phambi't prt’HHur*', and nni'.^hi art'a rai. In ni’ liUi’ii'ai. 
TIk'Hp paramrtrtc pin to tnchidod; 

1. Engino woigUt votHUH chnmbor proHHutc for patnmotrii: thruHt at ronKlant 
noisislo am ratio 

2. Englno weight voraufl nozzle area ratio for parnmotrlc chamber preeauro 
at con at ant thrunt 

Note that the parametric data arc presented over tho entire study range ol: thrust 
(/iA4,8 N, 10(1 Lbf to i;}143 N, 3000 Lbf) and chamber prossure (bR.95 N/cm^, 

100 psia to 080,5 N/cm", 1000 psia). In using these data for mission studies It 
Is Important to consider posHlblo engine system design constraints in order to 
ahold unrealistic design points. Tho paruraotrlc plots of delivered spoc.lflc 
impulse versus thrust for the 400-to-l uroa ratio L0,j/H2 and hO,,/CH, engines 
(Figures D-6 and D-20, Appendix D) show the prellmltiary deslgn“points, thrust 
chamber cooling constraints which resulted from this study. These constraints 
can be used to conservatively define feasible englno system operating conditions 
over the range of thrust and chamber presstire. 
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Figure F-1. Engine Weight Variation With NoezIo Area Ratio and 
Chamber Pressure (Thrast = 444. 8N (lOO^lb) 
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engine weight 











FlKure F-2 . Engine Weight Variation With No«le Area Ratio and 

Chamber PreaBure (Thrust “ 2224. IN (500 Ibj.) 
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n«mo f-K Engino. Weight Variation With Noi'.zlo Area Kat lo anj 
Ohamber riVHwmo CThrujit (1000 Ibp 
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Figure F-4 . Engine Weight Variation With Nozzle Area Ratio and 
Chamber Pressure (Thrust = 13345N (3000 lb) 
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CHAMBER PRESSURE I M/crt 

Figure F-5. Engine Weight Variation With Chamber Pressure and 
Thrust (Nozzle Area Ratio « 200) 
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Flgurti F-6 . Engine Weight Variation With Chamber Pressure and 
Thrust (Nozzle Area Ratio = 400) 
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ENGINE WEIGHT 
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CHAN 6 EN Pm%m. H/arT 

Figure F-B . Engine Weight Variation With Cluunber ProBRure and 
Thrust (No^sle Area Ratio » 800 ) 
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Figure F-9. Engine Weight Variation With rhiiniber I’reasuru .uid 
Thrust (Nozzle Area Ratio = 1000) 




F-IO 





